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Resumen 
Resumen 
Esta tesis doctoral se centra en el estudio de nanopartículas de sílice mesoporosa 
(MSNs) en combinación con ultrasonido (US) para su uso en biomedicina, y más 
concretamente, en el contexto de la oncología.  
La elevada toxicidad de los fármacos antitumorales tras su administración 
sistémica hace necesaria la búsqueda de nuevas estrategias terapéuticas con un mejor 
perfil de seguridad para el paciente. El uso de nanopartículas como transportadores de 
estos fármacos podría permitir una acumulación más selectiva de los mismos en el 
tumor, disminuyendo así la distribución al resto del organismo y los efectos secundarios 
asociados. La acumulación selectiva de nanopartículas en tumores sólidos se debe a su 
estructura vascular anómala, que permite la extravasación y retención de 
macromoléculas y partículas de hasta varios cientos de nanómetros. Este efecto de 
permeabilidad y retención aumentadas (EPR), que se denomina comúnmente 
“vectorización pasiva” constituyó la principal motivación en el desarrollo de la 




En la presente tesis doctoral se ha elegido como nanotransportador de dichos 
fármacos las MSNs debido a su estabilidad físicoquímica y sus propiedades texturales, 
elevada área superficial y volumen de poro, que proporcionan una elevada capacidad de 
carga de fármacos. El US se ha elegido como estímulo porque presenta una gran 
capacidad para penetrar hasta zonas profundas del organismo de forma no invasiva, y 
puede producir efectos tanto mecánicos como térmicos en el medio biológico sobre el 
que se aplique.  
La tesis doctoral está dividida en tres bloques. Primero, se lleva a cabo el 
desarrollo y la evaluación de MSNs para liberación de fármacos inducida por US. 
Posteriormente, se plantean dos tipos de aproximaciones para lograr el transporte 
selectivo de las MSNs hacia tumores, bien mediante estrategias físico-químicas de 
vectorización o bien empleando como vehículos de las MSNs células capaces de migrar 




Resumen gráfico de las partes en que se encuentra dividida la presente tesis doctoral. 
 El primer bloque de la tesis versa sobre el desarrollo de MSNs con liberación 
de fármacos sensible a US (MSNs-US). La porosidad abierta de las MSNs implica que 
cualquier fármaco que se cargue en su interior va a empezar a ser liberado al medio en 
el momento en el que las nanopartículas se encuentren dispersas en un fluido. Esto no 
solo disminuiría la cantidad de fármaco capaz de alcanzar el órgano diana, sino que 
además puede dar lugar a toxicidad en tejidos sanos debido a esta liberación 
inespecífica. Para atajar este problema, se ha desarrollado una compuerta polimérica 
que impida la liberación prematura del fármaco. La compuerta polimérica, sintetizada 
mediante polimerización por radicales libres (FRP), es un copolímero aleatorio 
compuesto de los monómeros metoxietoxietilmetacrilato (MEO2MA) y 
tetrahidropiranilmetacrilato (THPMA). El THPMA proporciona al copolímero final la 
capacidad de respuesta a US, ya que se produce su hidrólisis al exponerlo a US de alta 
frecuencia, dando lugar a ácido metacrílico. Este cambio en el copolímero 
desencadenará la liberación de la carga en el material final. El copolímero sensible a 
ultrasonido obtenido fue anclado a la superficie de MSNs, para dar lugar a MSNs-US. 
La capacidad de retener la carga en su interior a temperatura fisiológica, y de liberarla 
en respuesta a la aplicación de US fue comprobada empleando dos moléculas modelo: 








fluoresceína y un complejo fluorescente de rutenio ([Ru(bipy)3]
2+
). Posteriormente, se 
comprobó que las nanopartículas híbridas obtenidas no son citotóxicas cuando no están 
cargadas con ningún fármaco. Cuando las nanopartículas fueron cargadas con el 
antitumoral doxorrubicina, fueron capaces de inducir toxicidad dosis-dependiente en 
células tumorales de próstata (LNCaP) sólo cuando el material había sido expuesto a 
US, demostrando su capacidad de matar células tumorales bajo estímulo de US. 
A continuación se llevó a cabo la evaluación del mecanismo de apertura de las 
MSNs-US. Esto es, si la apertura de la compuerta se debe a los efectos térmicos o 
mecánicos causados por el US. Para ello, se emplearon tres frecuencias de US 
focalizado diferentes, 0.5, 1 y 3.3 MHz. Se introdujo un termopar en el recipiente de la 
muestra para monitorizar la temperatura durante el experimento, mientras que un 
detector pasivo de cavitación permitió distinguir la presencia de cavitación acústica 
(como principal efecto mecánico evaluado). Los resultados mostraron que la aplicación 
de una cierta intensidad de cavitación acústica inercial, aún sin calentamiento apreciable 
a escala macroscópica, es capaz de producir la liberación de la carga desde el material. 
Por otro lado, el tratamiento térmico de la muestra o la aplicación de US con incremento 
de temperatura, pero sin presencia significativa de cavitación, no fueron capaces de 
inducir la liberación de la carga. Por lo tanto, el mecanismo de apertura de las MSNs-
US parece estar ligado a la cavitación acústica, sin necesidad de un incremento de la 
temperatura del medio, lo que permitiría utilizar nuestros transportadores de una forma 
segura, ya que van a liberar el fármaco sin aumento de temperatura en los tejidos 
circundantes. 
En el segundo bloque de la tesis se analizan tres estrategias físico-químicas 
diferentes para lograr la vectorización selectiva de las MSNs hacia tumores. 
Primero se anclaron a las MSNs-US descritas en el bloque 1 una capa de 
polietilenglicol (PEG) y moléculas de vectorización activa. Tal y como se describe en la 
literatura, la decoración de la superficie de nanopartículas con cadenas de PEG 
(PEGilación) permite aumentar el tiempo de circulación de las partículas en el torrente 
sanguíneo, con el objetivo de lograr una mayor acumulación de las mismas en el tumor. 
Los agentes de vectorización activa son moléculas capaces de interaccionar con algún 
componente sobreexpresado en la membrana de las células diana facilitando su 
internalización en las mismas. Así, el fármaco antitumoral se liberará en el interior de la 
célula diana, aumentando su concentración local y maximizando su efecto. Para ser 
capaces de obtener este nuevo material PEGilado y con vectorización activa, se 
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desarrollaron diferentes estrategias químicas. Primero, el método de obtención de la 
compuerta polimérica fue modificado, empleando en este caso la polimerización por 
adición fragmentación y transferencia de cadena reversible (RAFT). Este método 
permitió obtener un copolímero con dos extremos funcionales diferentes, anclándolo 
por un extremo a las MSNs, y uniendo el otro extremo al PEG con el agente de 
vectorización. Se comprobó que este nuevo material retenía su capacidad de respuesta al 
estímulo de ultrasonido. El empleo de la cicloadición 1,3-dipolar de Huisgen utilizando 
un alquino tensionado permitió obtener un material PEGilado modular al que poder 
anclar distintos agentes de vectorización activa. Empleando la secuencia peptídica 
RGD, capaz de interaccionar con integrinas en la membrana celular para aumentar su 
internalización, se llevaron a cabo estudios in vitro con células tumorales HeLa. La 
internalización de las nanopartículas con RGD fue mucho mayor que en el sistema sin 
vectorización activa. Finalmente, en un experimento con nanopartículas cargadas con 
doxorrubicina, se observó que la aplicación de US era capaz de inducir un incremento 
en la toxicidad de las nanopartículas, indicando un aumento en la liberación del fármaco 
en respuesta al estímulo. 
Uno de los problemas potenciales de la vectorización activa es el efecto 
conocido como barrera del sitio de unión. Una vez que las nanopartículas con 
vectorización activa han alcanzado el tumor, las células tumorales en la primera línea 
del tejido captan la gran mayoría de las nanopartículas, impidiendo su distribución a 
zonas más profundas, y limitando su efecto terapéutico. El empleo de estrategias de 
vectorización jerarquizada puede ayudar a disminuir este inconveniente. En dichas 
estrategias, las nanopartículas circulan por el torrente sanguíneo con algún agente de 
vectorización oculto al medio externo. Una vez en la zona deseada, la presencia de un 
estímulo, interno o externo, permite exponer al medio dicho agente, produciéndose la 
captación de las partículas por las células tumorales. En el siguiente trabajo de esta tesis, 
se utilizaron los efectos térmicos del US para desarrollar MSNs con vectorización 
jerarquizada. Estas nanopartículas poseen oculto bajo una capa de PEG un agente que 
inducirá su internalización. El PEG se encuentra unido a las MSNs mediante un enlace 
termosensible. El aumento de temperatura producido por el US provoca que la capa de 
PEG se separe del material, exponiendo grupos aminopropilo cargados positivamente 
que favorecen su internalización en células de osteosarcoma humano (HOS). 
Experimentos de citotoxicidad empleando nanopartículas cargadas con el antitumoral 
4
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topotecan mostraron un destacado incremento en la muerte de las células HOS cuando 
se emplearon nanopartículas que habían sido expuestas a US. 
Todas las estrategias de vectorización utilizadas hasta el momento en este bloque 
dependen en primera instancia del efecto EPR. Una vez que las partículas se han 
acumulado de forma pasiva en el tumor, la interacción de su superficie con la membrana 
celular permite la actuación de las estrategias de vectorización activa o de vectorización 
jerarquizada. Sin embargo, el efecto EPR no es un fenómeno homogéneo en todos los 
tipos de tumores, ni en las distintas zonas de un mismo tumor. Además, la única fuerza 
motriz actuando sobre las nanopartículas durante su acumulación pasiva es la difusión, 
la cual se ve dificultada por la elevada presión intersticial del tumor. Por ello, el 
siguiente paso en esta tesis fue el uso de US para favorecer la acumulación y 
penetración de MSNs en tumores. Se utilizó un modelo que simula el tejido tumoral 
empleando un gel de agarosa con canales, por los que se hace pasar una suspensión de 
MSNs. La aplicación de US se realizó de forma focalizada en distintos puntos de cada 
canal, evaluando la extravasación de las nanopartículas al gel de agarosa empleando 
distintas frecuencias de US (0.5 y 1.6 MHz). Se observó extravasación de las MSNs en 
las condiciones empleadas, obteniendo mayor direccionalidad a 1.6 MHz y una 
extravasación de mayor magnitud aplicando presiones más elevadas. La extravasación 
de nanopartículas cargadas con el fluoróforo rodamina B fue también evaluada en el 
mismo modelo, obteniendo resultados similares a los previamente observados en MSNs 
sin carga. Por último, la combinación de MSNs con núcleos de cavitación poliméricos 
(NCs) que faciliten la generación de cavitación inercial fue estudiada, consiguiendo 
extravasación de las MSNs a la mitad de la presión necesaria sin la combinación con 
NCs. Así, los NCs serían co-inyectados con MSNs cargadas con el fármaco de interés. 
Los NCs serían activados por US focalizado en la zona del tumor, generando cavitación 
inercial e induciendo la extravasación de ambos tipos de partículas. Una vez embebidas 
en el tejido, las MSNs actuarían como un reservorio del fármaco, liberándolo 
lentamente en su zona de actuación. 
El tercer bloque de esta tesis doctoral se centra en el uso de vehículos celulares 
para transportar las MSNs-US. Esta estrategia se plantea como una alternativa a la 
vectorización físico-química de nanopartículas, la cual ha tenido hasta ahora un limitado 
éxito en su transferencia al entorno clínico. Esta aproximación nos va a permitir 
transportar de forma selectiva hacia tumores las MSNs-US, superando además la 
mayoría de las limitaciones previamente mencionadas de las estrategias clásicas de 
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vectorización de nanopartículas. Es bien conocida la existencia de varios tipos de 
células que poseen capacidad migratoria hacia tumores y otros tejidos patológicos. Entre 
ellos, cabe destacar las células madre mesenquimales (MSCs) por haber sido 
ampliamente estudiadas. Las MSCs pueden proceder de distintas fuentes, tales como la 
médula ósea, el tejido adiposo o la placenta. Las MSCs procedentes de la decidua de la 
placenta humana (DMSCs) son especialmente prometedoras, ya que son fáciles de 
obtener en grandes cantidades, constituyen una población homogénea, no son 
inmunogénicas y han demostrado previamente su capacidad de migrar hacia tumores de 
mama en un modelo in vivo de rata. Son además capaces de ralentizar el crecimiento de 
tumores de mama primarios y de afectar también al desarrollo de tumores secundarios.  
En el primer capítulo de este bloque se evalúa la interacción de las DMSCs con 
MSNs con carga superficial positiva o negativa. La captación de nanopartículas con 
carga positiva fue más eficiente, demostrando además su retención en el interior de la 
célula durante al menos 5 días. Las MSNs no afectaron a la viabilidad ni a la capacidad 
migratoria de las DMSCs in vitro. También se observó el transporte de MSNs hacia 
tumores de mama in vivo, al observar la fluorescencia de las MSNs en cortes 
histológicos del tumor. Finalmente, se introdujeron MSNs cargadas con doxorrubicina 
en las DMSCs, que fueron entonces co-cultivadas con células tumorales de mama 
(NMU). La liberación del fármaco desde las MSNs en el interior de las DMSCs fue 
capaz de inducir la muerte de las células NMU en co-cultivo con las células 
transportadoras.  
Los resultados de la combinación de las MSNs con DMSCs muestran que este 
tipo de estrategias pueden ser prometedoras para la terapia de tumores sólidos. Sin 
embargo, dado que las MSNs empleadas en el trabajo anterior carecían de ningún tipo 
de compuerta, la liberación del fármaco durante el proceso de migración de la célula 
transportadora podría comprometer su viabilidad y capacidad migratoria. Por ello, el 
siguiente paso fue evaluar la combinación de las DMSCs con las MSNs-US 
desarrolladas en el bloque 1. Para lograr la internalización eficaz de las nanopartículas, 
éstas tuvieron que ser recubiertas con un policatión, polietilenimina (PEI), para dotarlas 
de una carga superficial positiva. Se comprobó que las nanopartículas recubiertas con 
PEI mantenían su comportamiento sensible a US, tanto in vitro como in vivo. Las 
partículas fueron internalizadas de forma eficiente por las DMSCs, y fueron retenidas en 
su interior durante al menos 6 días. En ausencia del estímulo de US, las nanopartículas 
cargadas con doxorrubicina no eran tóxicas para las DMSCs durante al menos 3 días 
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tras la internalización, ni tampoco afectaban a su comportamiento migratorio hacia 
homogenado de tumor in vitro. En un co-cultivo de DMSCs con células tumorales 
NMU, se observó muerte de las células tumorales solo cuando DMSCs transportando 
MSNs-US cargadas con doxorrubicina habían sido expuestas a US, demostrando la 
capacidad de respuesta al estímulo externo. 
La eficacia de distintos tipos de nanopartículas en aplicaciones biomédicas 
puede mejorarse empleando estrategias duales, en las que distintos mecanismos de 
acción se combinan para lograr un efecto sinérgico. Un ejemplo de este tipo de 
combinaciones es el desarrollo de nanopartículas con capacidad de transfección génica 
además de ser empleadas como transportadores de fármacos. En el último capítulo de 
esta tesis doctoral, se ha aprovechado el recubrimiento de PEI sobre las MSNs-US para 
proporcionar una nueva funcionalidad al material: como agente de transfección génica, 
al introducir genes insertados en dicho recubrimiento. Así, se puede lograr que las 
células transportadoras DMSCs puedan expresar algún gen de interés terapéutico, cuyo 
efecto se añadiría al de la doxorrubicina transportada en el interior de las nanopartículas. 
La capacidad de transfección de las nanopartículas fue evaluada con PEI de dos pesos 
moleculares diferentes: 2 y 5 kDa. Empleando un plásmido que codifica la proteína 
verde fluorescente, se comprobó que la capacidad de transfección génica es mayor con 
el PEI de mayor tamaño. Posteriormente, se introdujo un plásmido que codifica dos 
genes suicidas empleados para terapia antitumoral: citosina desaminasa y uracil 
fosforribosiltransferasa. Estas dos proteínas actúan de forma secuencial, siendo capaces 
de convertir el profármaco no tóxico 5-fluorocitosina (5-FC) en una especie tóxica. Tras 
la transfección de las DMSCs con los genes suicidas empleando las nanopartículas, se 
observó una gran toxicidad al añadir 5-FC en el medio. La producción de esta especie 
tóxica también fue capaz de inducir la muerte de células tumorales NMU co-cultivadas 
con las células DMSCs. 
Todos los resultados obtenidos en la presente tesis doctoral muestran el gran 
potencial del ultrasonido para inducir distintas respuestas por parte de nanopartículas de 
sílice mesoporosa en el contexto del cáncer, pudiendo controlar tanto la liberación de 
fármacos, como la captación de las nanopartículas por parte de células o su 





This PhD thesis is focused on studying the use of mesoporous silica nanoparticles 
(MSNs) in combination with ultrasound (US) for biomedical applications, and more 
specifically, in the context of oncology. 
The high toxicity of anticancer drugs after their systemic administration makes 
necessary looking for new therapeutic strategies with a better safety profile for the 
patient. The use of nanoparticles as carriers of these drugs could allow a more selective 
accumulation of the drug in the tumor, decreasing the distribution to the rest of the 
organism and the associated side effects. The selective accumulation of nanoparticles in 
solid tumors is due to their anomalous vasculature, which allows the extravasation and 
retention of macromolecules and particles up to a few hundred nanometers. This 
enhanced permeation and retention (EPR) effect, which is commonly referred to as 
“passive targeting”, has constituted the main motivation driving the development of 
cancer nanomedicine, as was the case for Doxil
®
, the first cancer nanodrug 
commercialized.  
In the present doctoral thesis, MSNs were selected as drug nanocarriers due to 
their physicochemical stability and their textural properties, high surface area and pore 
volume, which provide a high drug loading capacity. US was chosen as the stimulus 
because it presents the capacity to non-invasively penetrate deep into the body, and it 
can produce thermal and mechanical effects in the biological medium. 
The doctoral thesis is divided in three parts. First, the development and 
evaluation of mesoporous silica nanoparticles with ultrasound-induced drug release was 
carried out. Then, two different approaches to achieve selective transport of MSNs 
towards tumors were evaluated, either through physicochemical targeting or employing 




     
Graphical summary of the parts in which the present doctoral thesis is divided.   
The first part of the thesis deals with the development and evaluation of MSN 
with ultrasound-sensitive drug release (MSNs-US). The open porosity of MSNs implies 
that any drug loaded into the pores will start to diffuse out from the moment the 
nanoparticles are dispersed in a fluid. This will not only decrease the amount of drug 
able to reach the target organ, but it can also give rise to toxicity in healthy tissues due 
to this premature release. To solve this issue, a polymeric gate was developed to prevent 
premature release of the drug. The polymeric gate, synthesized by free radical 
polymerization (FRP), is a random copolymer composed of the monomers 2-(2-
methoxyethoxy) ethyl methacrylate (MEO2MA) and 2-tetrahydropyranyl methacrylate 
(THPMA). THPMA will provide US-responsiveness to the final copolymer, undergoing 
hydrolysis when exposed to high frequency ultrasound. This change in the copolymer 
will trigger the cargo release from the final material. The US-responsive copolymer was 
grafted on the surface of MSNs to obtain MSNs-US. Its capacity to retain a cargo at 
physiological temperature and release it in response to US application was verified 









employing two model molecules: fluorescein and a fluorescent ruthenium complex 
([Ru(bipy)3]
2+
). Then, the obtained hybrid nanoparticles were checked not to be 
cytotoxic when they were not loaded with any drug. When the nanoparticles were 
loaded with the anticancer drug doxorubicin, the particles could induce dose-dependent 
toxicity to prostate cancer cells (LNCaP) only when the material had been exposed to 
US, demonstrating its capacity to kill cancer cells under US stimulus.  
Then, the evaluation of the opening mechanism of the MSNs-US was evaluated, 
which can be due to the thermal or mechanical effects of US. To do that, three different 
frequencies of focused US, 0.5, 1 and 3.3 MHz, were used. A thermocouple was 
introduced in the sample holder to monitor bulk temperature during the experiment, 
while a passive cavitation detector allowed us to evaluate the onset of acoustic 
cavitation (as the main mechanical effect being evaluated). The results showed that the 
application of a certain intensity of inertial acoustic cavitation, even without significant 
bulk heating, was capable of inducing cargo release from the material. On the other 
hand, thermal treatment of the sample, or the application of US with bulk heating but 
without significant presence of cavitation were not able to induce cargo release. 
Therefore, the mechanism behind the opening of the MSNs-US appears to be linked to 
acoustic cavitation, without the need for an increase in the bulk temperature of the 
medium, what would allow us to use our nanocarriers in a safe manner, since they will 
release the drug without a temperature increase in the surrounding tissues. 
In the second part of this thesis, three different physicochemical strategies to 
achieve selective MSN delivery to tumor were analyzed.  
First, MSNs-US were grafted with a polyethylene glycol (PEG) chain and with 
active targeting molecules. As it has been described in the literature, decorating the 
nanoparticle surface (PEGylation) increases the circulation time of nanoparticles in the 
bloodstream, achieving a greater accumulation of the particles in the tumor. Active 
targeting agents are able to interact with some component overexpressed on the target 
cell membrane to facilitate their uptake. That way, the anticancer drug will be released 
within the target cell, increasing its local concentration and maximizing its effect. To 
obtain this new PEGylated and actively-targeted hybrid material, different chemical 
strategies were developed. First, the method to synthesize the polymeric gate was 
modified, employing in this case reversible addition−fragmentation chain-transfer 
(RAFT) polymerization. This method allowed us to obtain a copolymer with two 




other end to the PEG chain with the targeting agent. This new material retained its 
ultrasound-responsive behavior. Copper-free click chemistry was used to obtain a 
modular hybrid material to which different active targeting agents can be coupled. 
Employing the RGD peptide sequence, capable of interacting with integrins on the cell 
membrane to increase their uptake, in vitro experiments were performed with HeLa 
cancer cells. The internalization of RGD-targeted nanoparticles was greatly superior to 
that of the non-targeted system. Finally, in an experiment with doxorubicin-loaded 
nanoparticles, US application was observed to increase the toxicity of the nanoparticles, 
indicating an increase in drug release in response to the stimulus.  
The next problem an actively-targeted nanoparticle will find is the effect known 
as the binding site barrier. Once the actively-targeted nanoparticles have reached the 
tumor, the first line of cancer cells will uptake the majority of the nanoparticles, 
preventing their distribution to deeper areas and limiting their therapeutic effect. 
Hierarchical targeting strategies can help reduce this problem. In such strategies, 
nanoparticles travel through the bloodstream with an active targeting agent hidden from 
the environment. Once in the desired area, the presence of a stimulus, internal or 
external, will expose that agent to the environment, promoting nanoparticle uptake by 
cancer cells. In the next work in this thesis, the thermal effects of US were used to 
develop MSNs with hierarchical targeting. These nanoparticles possess an agent that 
will induce their uptake, hidden under a PEG layer. The PEG chains are attached to the 
MSNs through a thermosensitive linker. An US-induced temperature increase will 
provoke the detachment of the PEG chains, exposing positively-charged aminopropyl 
groups that favour their internalization in human osteosarcoma (HOS) cells. 
Cytotoxicity experiments employing nanoparticles loaded with the anticancer drug 
topotecan showed a great increase in HOS cell death when nanoparticles exposed to US 
were employed.  
All of the nanoparticle delivery strategies used up to this point in this part of the 
thesis rely on the EPR effect. Once the nanoparticles have passively accumulated in the 
tumor, the interaction of their surface with cell membranes allows active or hierarchical 
targeting. However, the EPR effect is not a homogeneous phenomenon in all types of 
tumors, or even in different parts of the same tumor. Besides, the only force acting upon 
the nanoparticles during their passive accumulation is diffusion, which is hindered by 
the high interstitial pressure of the tumor. For these reasons, the next step in this thesis 




tissue-mimicking model employing an agarose gel with channels through which MSNs 
are flowed was used. US application was performed in a focused manner at different 
points in each channel, evaluating the extravasation of the nanoparticles to the agarose 
gel employing different frequencies (0.5 and 1.6 MHz). MSN extravasation was 
observed under the conditions used, obtaining a greater directionality at 1.6 MHz and a 
greater extravasation at higher pressures. The extravasation of nanoparticles loaded with 
the fluorophore rhodamine B was also evaluated in the same model, obtaining similar 
results as previously observed for non-loaded MSNs. Last, the combination of MSNs 
with polymeric cavitation nuclei (NCs) to ease the onset of inertial cavitation was 
studied. That way, NCs would be co-injected with MSNs loaded with the drug of 
interest. NCs would be activated by focused US in the tumor area, generating inertial 
cavitation and inducing the extravasation of both types of particles. Once embedded in 
the tissue, MSNs would act as a reservoir of drug, slowly releasing it close to its site of 
action.  
The third part of this doctoral thesis is focused on using cellular vehicles to 
transport MSNs-US. This strategy is presented as an alternative to physicochemical 
targeting of nanoparticles, which so far has had a limited success on its translation to the 
clinical setting. This approach will allow us to selectively transport MSNs-US to tumors 
overcoming most of the limitations previously mentioned related to classical 
nanoparticle targeting strategies. Several types of cells possess migratory properties 
towards tumors and other pathological tissues. Mesenchymal stem cells (MSCs) can be 
highlighted as one of the types of tumor-tropic cells more thoroughly studied. MSCs 
can be obtained from different sources, such as bone marrow, adipose tissue or placenta. 
MSCs from the decidua of the human placenta (DMSCs) appear as especially 
promising, since they are easy to obtain in large quantities, they constitute a 
homogeneous population, they are low- or non-immunogenic and they have been 
previously shown to migrate towards mammary tumors in an in vivo rat model. They are 
also able to slow down the growth or primary tumors, and also affect the development 
of secondary tumors.  
The first chapter in this part of the thesis evaluates the interaction of DMSCs 
with MSNs with positive or negative surface charge. Nanoparticle uptake was more 
efficient for positively-charged nanoparticles, while they were also retained inside the 
cells for at least 5 days. MSNs did not affect DMSC viability, nor their migration 




by detecting MSN fluorescence in tumor histology samples. Finally, doxorubicin-loaded 
MSNs were introduced inside DMSCs, which were then co-cultured with mammary 
cancer cells (NMU). Drug release from MSNs inside DMSCs was capable of inducing 
the killing of the co-cultured NMU cancer cells in co-culture with the vehicle cells.  
The results on the combination of MSNs with DMSCs show that this kind of 
strategies can be promising for solid tumor therapy. However, since the MSNs 
employed in the above work lacked of any king of gating mechanism, drug release 
during migration of the vehicle cell might compromise their viability and migration 
capacity. For that reason, the next step was to evaluate the combination of DMSCs with 
the MSNs-US developed in the first part of the thesis. To achieve a successful 
internalization of the nanoparticles, these had to be coated with a polycation, 
polyethyleneimine (PEI), to provide a positive surface charge. PEI-coated nanoparticles 
maintained their US-responsive behavior, both in vitro and in vivo. The nanoparticles 
were efficiently internalized in DMCSs, and they were retained within the vehicle cells 
for at least 6 days. In the absence of US stimulus, doxorubicin-loaded nanoparticles 
were shown not to be toxic for DMSCs for at least 3 days after nanoparticle uptake, as 
well as they did not affect their migratory behavior towards tumor homogenate in vitro. 
In a co-culture with NMU cancer cells, cancer cell death was only observed when 
DMSCs carrying doxorubicin-loaded MSNs-US had been exposed to US.  
The efficacy of different types of nanoparticles for biomedical application can be 
enhanced by employing dual strategies, in which different mechanisms of action are 
combined to achieve a synergetic effect. An example of this type of combinations is the 
development of nanoparticles with gene transfection capacity besides being employed 
as drug carriers. In the last chapter of this doctoral thesis, the PEI coating previously 
developed on MSNs-US was employed to provide a new capacity to the material: gene 
transfection, by introducing genes inserted in the PEI coating. That way, we can induce 
the expression of a therapeutically useful gene by DMSCs, adding its effect to the one 
of the doxorubicin being carried. Gene transfection capacity of the nanoparticles was 
evaluated with PEI coatings of two different molecular weights: 2 and 5 kDa. 
Employing a plasmid encoding green fluorescent protein, gene transfection capacity 
was shown to be greater for the higher molecular weight PEI. Then, a plasmid encoding 
two suicide genes for anticancer therapy was introduced: cytosine deaminase and uracil 
phosphoribosyl transferase. These two proteins act in a sequential manner, converting 




transfection with the suicide genes employing the nanoparticles, a great toxicity was 
observed when 5-FC was added to the medium. The production of this toxic molecule 
was also able to kill cancer NMU cells co-cultured with the DMSCs. 
All of the results obtained in the present doctoral thesis show the great potential 
of ultrasound to induce different responses by mesoporous silica nanoparticles in the 
context of cancer, enabling us not only to control drug release, but also the uptake of 











La cosa más hermosa que podemos experimentar es 






La Introducción está dividida en tres capítulos centrados en los distintos aspectos a 
tratar en el desarrollo de la presente tesis doctoral.  
El Capítulo 1.1 presenta una introducción general al campo de la nanomedicina, 
con una visión global de los tres campos principales de actuación de la misma: 
diagnóstico in vitro, diagnóstico in vivo y terapia. Durante este capítulo se introducirán 
los tipos de nanopartículas más empleados en nanomedicina, así como una breve 
revisión de sus principales aplicaciones en diagnóstico in vitro e imagen in vivo. 
También se explican los principales fundamentos de la nanomedicina en la terapia del 
cáncer, introduciendo conceptos como la vectorización pasiva y activa, estrategias 
terapéuticas basadas en el propio material utilizado o en el transporte de fármacos, el 
desarrollo de materiales sensibles a estímulos y una breve descripción de la aplicación 
de nanopartículas en otras patologías. Este capítulo (que se presenta en inglés) se 
encuentra recogido como un capítulo de libro aceptado para su publicación en 
“Handbook of nanoparticles and architectural nanostructured materials” de la editorial 
Elsevier. 
Posteriormente, el Capítulo 1.2 contiene una introducción a la síntesis, 
caracterización y propiedades del tipo de nanopartículas seleccionado para el desarrollo 
de la tesis doctoral: nanopartículas de sílice mesoporosa. 
Finalmente, en el Capítulo 1.3 se explican brevemente los principios 
fundamentales del estímulo externo elegido para este trabajo, el ultrasonido, así como 
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1. Introduction 
The application of nanotechnology for diagnostic or therapeutic application is called 
nanomedicine (Jain & Stylianopoulos 2010). Nanomedicine is an interdisciplinary field 
in which biology, medicine, chemistry, physics and other disciplines are brought 
together in order to develop nanomaterials suitable for biomedical application (Wicki et 
al. 2015). Nanoparticle size (in the range from a few nanometers to a few hundred 
nanometers) allows them to interact with biological entities in a fundamentally different 
manner than non-nanostructured materials (Albanese et al. 2012). Some of those size-
dependent properties derive from the surface to volume ratio being much higher than for 
non-nanostructures materials. These properties can be exploited to design 
nanostructures that can be used to diagnose or treat different pathologies. Some 
examples would be the unique thermal, electrical, magnetic and optical properties that 
present different types of nanoparticles and that greatly differ from the properties of 
non-nanostructured materials with similar chemical composition (Chen et al. 2016). 
The design of nanoparticles is essential to allow their correct function for 
biomedical application. Amongst the most important parameters to consider are 
nanoparticle size, chemical composition and surface characteristics (Chen et al. 2016). 
For example, nanoparticle size is critical for in vivo imaging as well as for therapeutic 
application of nanoparticles. As it will be explained later in this chapter, nanoparticles 
tend to accumulate in tumor tissue, due to an enhanced permeation and retention (EPR). 
In that context, if the particles are too big, they will not be able to reach the diseased 
tissue and, therefore, they will not achieve their function. On the other hand, if the 
nanoparticles are too small (less than 10 nm), they will be excreted in the urine, 
potentially preventing accumulation in the desired target, which would lead to, again, 
the material not achieving its function. For in vitro diagnostics, the size of nanoparticles 
is also a fundamental parameter, since it often determines the optical properties of the 




modification in size will lead to changes in the measured response after exposure to a 
sample containing the analyte. 
This chapter is divided in three parts. In the first one, some of the most important 
types of nanoparticles proposed for biomedical application will be classified based on 
their chemical composition. Then, the rationale for their use in medicine will be 
explored in two different applications, each with their needs and particularities: 
diagnostics (in vitro diagnostics and in vivo imaging) and therapy (or the combination of 
diagnostic and therapeutic nanoparticles: theranostics) (Figure 1). 
 
Figure 1. Representation of the three applications of nanostructures in medicine that 
will be described in this chapter: In vitro diagnostics, in vivo imaging and therapy. 
 
2. Types of nanoparticles for nanomedicine. 
A wide variety of nanoparticle types have been proposed for nanomedicine, some of the 
most important ones are going to be highlighted in this chapter. These types of 
nanoparticles will be classified based on their chemical composition in organic or 
inorganic nanoparticles (Figure 2). However, nowadays a very high percentage of the 
nanoparticles under evaluation are actually hybrid nanoparticles, joining organic and 












inside the section regarding the organic or inorganic core nanoparticle used to obtain the 
hybrid. 
 
Figure 2. Schematic representation of some of the most important types of 
nanoparticles used for nanomedicine, divided by their chemical composition. 
2.1 Organic nanoparticles 
2.1.1 Liposomes and lipid nanoparticles 
Liposomes are one of the most widely evaluated types of nanoparticles for biomedical 
application, and they have already reached clinical use (Bozzuto & Molinari 2015). 
Liposomes consist of amphiphilic lipids arranged in vesicles with an aqueous cavity 
surrounded by one or more lipid bilayers. 
Liposomes can be prepared by different methods, being the most common ones 
reverse phase evaporation or vesicle extrusion (Bozzuto & Molinari 2015). They can be 
produced with natural or synthetic lipids and their chemical composition, size, lipid 
bilayer structure and surface charge (amongst other parameters) will determine the 
formulation characteristics, from the stability to the drug release behavior. For example, 
the stability of liposomes can be increased by the incorporation of cholesterol in their 
structure, which induces a denser packing of the hydrophobic chains inside the lipid 
bilayer. On the other hand, drug release from unilamellar liposomes is usually faster 
than from multilamellar ones, since the drug has to diffuse through more lipid bilayers 
in the second case. Liposomes can load hydrophilic molecules in the inner aqueous 
compartment (as is usually the case in unilamellar liposomes) or hydrophobic ones, in 
that case inserted in the lipid bilayer (mostly used in multilamellar liposomes). The 
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systems that allow simultaneous therapy and diagnosis (theranostic materials), for 
example, by conjugating the liposomes with nanoparticles with imaging capabilities, 
like quantum dots (optical imaging) or superparamagnetic iron oxide nanoparticles 
(magnetic resonance imaging). All of these characteristics, together with their high 
biocompatibility, easy preparation with tunable sizes and high loading capacity make 
them the most successful nanostructured drug delivery system to date (Bozzuto & 
Molinari 2015). However, they present a rather low physicochemical stability compared 
to other nanoparticles.  To increase nanoparticle stability, solid lipid nanoparticles can 
be obtained by using high-melting lipids. These lipid nanoparticles can be stabilized in 
aqueous suspension by adding surfactants or other functionalities (Bozzuto & Molinari 
2015). 
2.1.2 Micelles and solid polymeric nanoparticles 
Polymeric micelles are also amongst the most studied nanocarriers. They are colloidal 
nanoparticles with a size around 5-100 nm, constituted by an amphiphilic block 
copolymer that self-assembles in aqueous medium (Oerlemans et al. 2010).  At low 
concentrations, amphiphilic molecules are dissolved in the aqueous medium, but with 
increasing concentration, once the critical micellar concentration (CMC) is reached, the 
amphiphiles self-assemble, forming a hydrophobic core with a hydrophilic shell 
stabilizing the particles by hydrogen bonding with the surrounding water. The CMC of 
polymeric micelles is usually very low, which allows the presence of micelles at almost 
any dilution (Oerlemans et al. 2010). The polymer composition determines the micelle 
characteristics, like the drug molecules that can be loaded or the stability and 
biodistribution of the formulation. For example, the most common hydrophilic block is 
a chain of polyethyleneglycol (PEG), because it can stabilize the micelles and prevent 
the rapid uptake by the Reticuloendothelial system (RES) after injection. The polymer 
composition can also be modified to provide different functionalities to the material. A 
targeting moiety can also be included in the hydrophilic shell, as well as different 
components that provide imaging capabilities (like superparamagnetic iron oxide 
nanoparticles) to obtain theranostic nanodevices.  Micelles can efficiently carry high 
amounts of hydrophobic drugs within their core, preventing the use of toxic adjuvants 
that would be necessary to administer the free hydrophobic drug. However, they have 




Other polymeric nanoparticles can also be prepared from natural or synthetic, 
biodegradable or non-biodegradable polymers (Kumari et al. 2010). Amongst them, 
biodegradable nanoparticles are preferred, due to a better safety profile. These particles 
have higher stability and the vast amount of polymers available make them a very 
versatile choice to develop particles for nanomedicine. Some of the most common 
methods to obtain polymeric nanoparticles are emulsification-diffusion, solvent 
emulsion-evaporation, nanoprecipitation, interfacial deposition and inotropic gelation 
(for example, in the case of polycations). They can load different types of drugs 
depending on the chemical nature of the chosen polymer; however, the loading 
efficiency is usually lower than with other types of nanocarriers. The most commonly 
biodegradable polymers used to develop nanoparticles for nanomedicine are: Poly-D,L-
lactide-co-glycolide (PLGA), Polylactic acid (PLA), Poly-ε-caprolactone (PCL), 
chitosan and gelatin (Kumari et al. 2010). Protein nanoparticles (like those made of 
albumin) have also attracted great attention, because of the high biocompatibility and 
biodegradability behavior, and their high chemical versatility due to the large amount of 
different free functional groups throughout the biopolymer structure. 
2.1.3 Dendritic nanoparticles 
Dendrimers are hyperbranched polymers that can be obtained with different functional 
groups. They can be prepared in a highly defined way (with a polydispersity index close 
to 1) (Khandare et al. 2012). Some of the most used dendritic molecules are 
polyamidoamine (PAMAM), poly(propylene imine) and polyglycerol. Branched 
polymers present several advantages for biomedical application, for example, they have 
shown a longer blood circulation half-life than linear polymers with similar molecular 
weight and chemistry (Khandare et al. 2012). The obtention of polycationic dendrimers 
allows gene therapy application (due to the interaction with negatively-charged nucleic 
acid molecules). An important disadvantage of these types of materials might be the 
significant cytotoxicity found for highly charged polycations.  
2.2 Inorganic nanoparticles: 
2.2.1 Metal-based nanoparticles 
A wide variety of metallic nanoparticles can be obtained for biomedical application. 




preparation of monodisperse nanoparticles that can be easily modified afterwards 
(Boisselier & Astruc 2009). Gold nanoparticles in particular have been extensively 
studied for diagnostics and therapy. Gold nanoparticles ranging from 3 to more than 120 
nm present a phenomenon called surface plasmon resonance, which allows their use for 
photodiagnostics and photothermal therapy. Moreover, not only spherical nanoparticles 
can be synthesized, but gold nanorods with different aspect ratios (ratio of length 
between long and short axis of the nanoparticle) can be obtained, with profound impact 
in the properties of those colloidal nanoparticles. Silver nanoparticles with plasmonic 
behavior can also be obtained. One of the most promising applications of silver 
nanoparticles is in antibacterial nanodevices, due to the bactericidal effect of the ion 
Ag
+
 (Boisselier & Astruc 2009). 
Fluorescent semiconductor nanocrystals (Quantum dots, QDs) are inorganic 
fluorophores with very small diameter (2-10 nm) composed of a are single crystal of a 
semiconductor (like CdS, PbSe) or core/shell structures of two semiconductors (like 
CdSe/ZnS) (Azzazy & Mansour 2009; Michalet 2005). Compared to organic dyes, 
quantum dots have a broad-range excitation spectrum and a very narrow emission band, 
and their photostability is much higher. They have been studied very extensively for in 
vitro diagnostics and in vivo imaging.  Near-Infrared (NIR)-emitting QDs hold great 
promise for in vivo imaging, since NIR light is known to penetrate more in living tissue 
and shows much better signal-to-noise ratio (due to less autofluorescence in that range), 
however, most NIR-emitting QDs currently known are significantly less stable than 
visible-light emitting QDs. An important concern with QDs is regarding their potential 
toxicity in vivo after the metal ions they are composed of are released from the material. 
For this reason, heavy metal-free quantum dots are gathering great interest for their 
biomedical use (Yaghini et al. 2016). 
Nanoparticles for photon upconversion can also be prepared from rare earth 




) dispersed in a dielectric lattice (Azzazy & Mansour 
2009). These kinds of particles can be excited by two or more low-energy photons 
(usually in the NIR range) and emit one higher energy photon (generally in the 
ultraviolet or visible region). Therefore, they present many advantages for biomedical 
use, as they can be excited deep inside the organism (by highly-penetrating NIR light) 
and then emit UV or visible light to elicit the desired biological effect. They present 




joining upconversion nanoparticles with other particles or functionalities that can 
respond to the emission from these particles after NIR irradiation. 
Superparamagnetic nanoparticles (like maghemite, γ-Fe2O3, and magnetite, 
Fe3O4, nanoparticles) present very interesting properties for their use in biomedicine 
(Banerjee et al. 2010). When these types of nanoparticles have less than 50 nm in 
diameter, the whole nanoparticle acts as a single magnetic domain, showing 
superparamagnetic behavior. Without an applied magnetic field, the particles do no 
present macroscopic magnetization, what eliminates the possibility of agglomeration of 
the nanoparticles due to their magnetic behavior, which is of outmost importance if the 
nanoparticles are to be injected in a living organism. Superparamagnetic iron oxide 
nanoparticles have been extensively studied as in vivo imaging tools (Through magnetic 
resonance imaging, for example) and therapeutic agents, due to their capacity to induce 
a rise in the local temperature when exposed to an alternating magnetic field. These 
types of nanoparticles can also be induced to accumulate in the diseased area by the 
application of a magnetic field that can slow down nanoparticle flow at the desired site, 
easing extravasation. While these types of nanoparticles are well tolerated and generally 
considered to be non-toxic, some toxicity may be derived from the generation of 
Reactive Oxygen Species (ROS) from iron oxide nanoparticles via the Fenton reaction 
(Baeza 2014). 
2.2.2 Carbon-based nanoparticles 
Different carbon-based materials have been proposed for biomedical application. 
Fullerenes and carbon nanotubes are hollow structures that consist of one or several 
graphene-like sheets shaped as a sphere (fullerene) or a cylinder (carbon nanotube) (Ji et 
al. 2010). The structure of sp
2
-bonded carbon atoms confers graphene, carbon nanotubes 
and fullerenes unique electrical properties. Graphene oxide has also been proposed for 
drug delivery and gene transfection (Shen et al. 2012). Mesoporous carbon 
nanoparticles and luminescent carbon dots have also been proposed for biomedical 
application. In order to give stable suspensions in aqueous environment, these carbon-
based materials have to be modified with hydrophilic moieties on their surface. They 
have a high physicochemical stability and their size and morphology can be finely 
tuned. The particular electrical properties of carbon nanotubes can be exploited in the 
design of biosensors. However, issues regarding their toxicity may hinder their 




based nanoparticles is a matter of discussion, as it appears that particle parameters such 
as size and surface properties can affect the toxicological characteristics of the material 
(Zhang et al. 2014). 
2.2.3 Silica nanoparticles 
Silicon oxide (silica) nanoparticles have been thoroughly studied as model nanoparticles 
for a wide variety of applications. Silica is not cytotoxic and its excellent 
physicochemical stability allows multiple functionalization strategies. Mesoporous 
Silica Nanomaterials have attracted a lot of interest in the context of drug delivery, since 
their very high surface area enables them to load high amounts of drugs within their 
pores (Mamaeva et al. 2013; Vallet-Regi et al. 2001). The textural parameters of the 
nanoparticles, such as surface area and pore size can be finely tuned depending on the 
needed characteristics for a particular application. Surface functionalization to ensure 
nanoparticle suspension stability is needed to allow these nanoparticles to achieve their 
function in vivo. Mesoporous Silica Nanoparticles for therapeutic and diagnostic 
applications have been developed, in most cases by obtaining hybrid nanoparticles by 
modifying the inner or outer structure of the silica particles with other nanoparticles or 
molecules that provide the desired function to the material (Mamaeva et al. 2013; Li et 
al. 2012). Also, Mesoporous Silica is known to undergo dissolution under physiological 
conditions, giving rise to non-toxic products that can be excreted from the organism. A 
potential drawback of these materials might be their high rigidity, which may obstruct 
their penetrability in solid tissues.  
3. Nanoparticles for diagnostics 
A promising approach in nanomedicine is the use of nanoparticles to develop diagnostic 
tools. Nanoparticles can be used for in vitro detection of pathologically relevant 
analytes. They can also be used as imaging agents for in vivo imaging. 
3.1 In vitro diagnostics 
The size of nanoparticles (typically bellow 100 nm) is in the same range as that of many 
biomolecules (enzymes, antibodies, other proteins). This fact allows an intimate 
interaction between both structures, which can be seized to develop in vitro setups that 
enable the detection of a wide variety of analytes. The high surface to volume ratio of 




nanoparticle, potentially enabling detection of the analyte with very high sensitivity 
(Chen et al. 2016). Besides the potential implications of these strategies in the evolution 
and growth of analytical chemistry, the highly sensitive detection of pathologically 
relevant analytes in biological fluids could dramatically improve the diagnosis of 
several diseases, potentially improving the prognosis of many patients thanks to an early 
diagnosis (Azzazy & Mansour 2009). Amongst the plethora of nanoparticles that have 
been developed for in vitro diagnostics, we will only review a few of them in order to 
illustrate some of the most common strategies.  
Inorganic nanoparticles are of particular interest for in vitro diagnostics, 
especially gold nanoparticles, quantum dots and superparamagnetic nanoparticles 
(Azzazy & Mansour 2009). Different strategies developed for in vitro diagnostics can 
be divided by the parameter measured as well as by the types of nanoparticles that are 
used for that detection. 
3.1.1 Assays based on fluorescent nanoparticles 
A wide variety of methods can be used to develop fluorescent nanoparticles that act as 
sensors for different molecules (Chen et al. 2016). For example, an organic fluorophore 
can be introduced in the nanoparticles, either as part of the structure or loaded within 
them. An archetype of this type of systems are the so called "probes encapsulated by 
biologically localized embedding" or PEBBLEs. These systems have been adapted to be 
able to detect changes in pH, oxygen concentration and temperature, among others, by 
means of a change in fluorescence after exposure to the particular stimulus (Azzazy & 
Mansour 2009). 
QDs have also been very thoroughly evaluated for this application, since they 
present much higher photostability and a much narrower emission band than organic 
dyes. Also, one of their main disadvantages for other biomedical applications, the 
potential toxicity due to heavy metals in their structure, is not relevant in this 
application, since the nanoparticles would never enter in contact with the organism of 
the patient. Sensors based on QDs have been developed to measure pH, temperature and 
different analytes (Azzazy & Mansour 2009). For example, a sensor to detect maltose 
was developed by grafting a maltose-binding protein to the surface of QDs (Medintz et 
al. 2003). Then, a dark quencher conjugated with a cyclodextrin was used to occupy the 
maltose-binding site of the protein, eliminating the fluorescence of the QDs by 




maltose displaced the dark quencher from the protein, allowing the recovery of 
nanoparticle fluorescence, enabling a straightforward measurement of maltose 
concentration. Similar concepts have been evaluated to determine the concentration of 
specific proteases and other molecules (Azzazy & Mansour 2009). 
Upconversion nanoparticles are also promising for in vitro diagnostics because 
the excitation of the sample can be performed with NIR light, thus avoiding many 
potential interferences from molecules in the biological fluids that might be found when 
exciting the sample in the ultraviolet of visible range (where background signal is 
commonly found). Then, the emission in the visible part of the spectrum could be easily 
measured to determine the result of the test. Also, the excitation and emission spectra of 
upconversion nanoparticles are relatively independent of their environment, making 
them a good choice for detection of analytes in biological fluids that are often very 
complex. Upconversion nanoparticles have been used to develop detection methods for 
temperature, oxygen, nucelic acids, antigens and many other biomolecules (Azzazy & 
Mansour 2009).  
3.1.2 Assays based on plasmonic nanoparticles 
Plasmonic nanoparticles have been very extensively evaluated as the main component 
to develop in vitro diagnostic systems (mainly based on gold nanoparticles)(Chen et al. 
2016). Localized Surface Plasmon Resonance (LSPR) is a phenomenon due to 
collective electron charge oscillations in the surface of some metallic (for example, 
gold) nanoparticles when they are excited by light. Since it is a surface phenomenon, 
any change in the surface of the nanoparticle (or its size, since it is a highly size-
dependent phenomenon) will induce a change in the LSPR and, therefore, in the optical 
properties of the nanoparticle suspension, which can be then detected by a colorimetric 
method. The surface of the plasmonic nanoparticles can be modified to include a 
recognition molecule for the analyte of interest. After the interaction with the desired 
molecule, a modification on the surface due to the interaction with the recognition 
ligand will lead to a change in the color of the sample, which can be measured and 
analyzed to give a concentration of the analyte present in the medium. An excellent 
example is the home pregnancy test, which is a colorimetric assay for the detection of 
human gonadotropic hormone, and is based on gold nanoparticles (Azzazy & Mansour 
2009). Gold nanosensors have also been developed to determine biomolecules due to 




nanoparticle size and shape due to aggregation induces a change in the LSPR peak of a 
magnitude such that it is usually detectable by the naked eye. For example, systems for 
detecting DNA in the medium by decorating gold nanoparticles with complementary 
single strand DNA, inducing aggregation and a sharp change in the LSPR peak (Azzazy 
& Mansour 2009; Chen et al. 2016). 
The interaction of plasmonic nanoparticles with fluorophores can also be utilized 
to develop different types of nanosensors. When a florescent molecule is in close 
proximity to the surface of a plasmonic nanoparticle, there is a dipole-induced 
quenching of the fluorophore. After being removed from the surface, the molecule will 
recover its fluorescence, which can be detected in the sample. A system based on this 
effect was developed to detect proteins in the sample, due to the specific displacement 
of a fluorescent polymer from the surface of gold nanoparticles caused by the analyte 
(You et al. 2007; Chen et al. 2016). 
Another type of sensors for in vitro diagnostics are those based on Surface 
Enhanced Raman Scattering (SERS), which can provide very high sensitivity and also 
giving information about the conformation of the analyte. For this reason, they are 
under extensive evaluation for immunoassays, amongst other applications (Chen et al. 
2016).  
3.1.3 Assays based on superparamagnetic nanoparticles. 
A wide variety of superparamagnetic nanoparticles (especially iron oxide nanoparticles) 
have been developed for in vitro detection (Azzazy & Mansour 2009). Upon exposure 
to an external magnetic field, superparamagnetic nanoparticles can be employed to 
capture different analytes that are bound to them (by interactions with recognition 
ligands decorating their surface), separating them from the sample medium. An example 
is an immunoassay detection method for C-reactive protein (CRP) based on this kind of 
nanoparticles (Kriz et al. 2006). A monoclonal antibody for CRP was grafted to the 
nanoparticle surface. A policlonal anti-CRP antibody was also conjugated to silica 
microparticles (to ease sedimentation). The increase in magnetic permeability of the 
sediment correlated with the amount of CRP in the sample (Azzazy & Mansour 2009). 
Superparamagnetic nanoparticles can also be used to separate pathogenic cells 
from healthy ones by decorating the nanoparticles with antibodies for specific markers 




applying an external magnetic field or with the use of a magnetic needle (Azzazy & 
Mansour 2009; Bryant et al. 2007). 
3.1.4 Assays based on electric properties of nanostructures 
The particular electric properties of different nanoparticles (like carbon nanotubes) can 
also be exploited to develop in vitro nanosensors. The high surface area of single wall 
carbon nanotubes (SWNTs), up to 1600 m
2
/g allows grafting a vast amount of 
antibodies on their surface. The very efficient electric conductivity of SWNTs along 
their longitudinal axis (often referred to as ballistic electron conduction) enables the 
development of nanosensors with the desired performance. Such methods have allowed, 
for example, the development of a Prostate Specific Antigen (PSA) detection kit with 
better performance than commercial immunodetection assays, with a detection limit of 4 
pg/mL (Ji et al. 2010; Rusling et al. 2009). 
While all of the different strategies that have been briefly collected here are very 
exciting and promising for their application in clinical diagnostics, several problems are 
still to be addressed before the majority of them will reach the clinical setting. One of 
the most important ones is getting the nanoparticle-based diagnostic assays to work 
properly in real complex biological fluids like those that are found in the clinical setting.  
3.2 In vivo imaging 
Another promising field for nanotechnology application in medicine, and still in the 
diagnostic context, is the use of nanoparticles as imaging agents in vivo. Due to several 
characteristics of diseased tissues, like tumors, nanoparticles can be preferentially 
located in those pathological locations. If the nanoparticle is designed in order to be 
detected generating some kind of image, then the clinician can take advantage of that 
selective accumulation of nanoparticles to provide a diagnosis or a prognosis of the 
pathological situation of a particular patient, or can be used to assess the evolution of 
the pathology throughout the treatment or the success of a surgical intervention. 
There are several means by which nanoparticles can be used to generate a 
diagnostic image in vivo, depending on the physical phenomenon in which those 
nanoparticles will be involved.  They can be divided in optical imaging, magnetic 
resonance imaging (MRI), radioisotope imaging and X-Ray computed tomography (CT) 
imaging. In the last years, the preparation of nanoparticles that enable the use of 




multimodality can allow a single nanoparticle formulation to combine the advantages of 
the different techniques. Again, Inorganic nanoparticles will be of outmost importance 
in this context. 
3.2.1 Optical imaging 
Optical imaging methods are based on the difference in the optical properties of the 
contrast nanoparticle and the background signal from the surrounding tissue. Most of 
the current optical imaging nanodevices are based on fluorescent nanoparticles. 
Fluorescent nanoparticles (like QDs of dye-doped silica nanoparticles) present several 
advantages over traditional organic dyes, such as improved photostability (with greatly 
diminished photobleaching effect) and the capability to accumulate in the desired 
tissues by targeting strategies. The development of highly efficient NIR-emitting 
nanoparticles is a rising strategy in this context. QDs are specially promising due to 
their narrow emission spectrum in a finely tunable region (and heavy-metal free QDs 
would be highly desirable due to toxicity issues related to nanoparticles containing 
heavy-metal).  
Photoacoustic imaging is another strategy for optical bioimaging. It is based on 
the generation of an acoustic wave as a consequence of heat generated by light 
absorption by the contrast nanoparticles (Chen et al. 2016). It presents several 
advantages, since it combines the higher contrast of optical imaging with the higher 
penetration and spatial resolution of ultrasound imaging. One example of this strategy is 
the development of indocyanine green-loaded nanoparticles to provide photoaccoustic 
imaging in vivo (Witte et al. 2008). 
Upconversion imaging can be performed with upconversion nanoparticles, 
which show a significantly better safety profile than QDs. The excitation of these 
nanoparticles is generally in the NIR region, allowing the excitation of nanoparticles 
located deep inside the body. Besides, the imaging background can be diminished by 
using short-pass filters, since the emitted light is significantly shifted from the excitation 
source (Chen et al. 2016). Upconversion nanoparticles in which both the excitation and 
the emission wavelengths are in the Infrared region seem very promising for this 
application, since they allow the imaging of deep tissues and organs with a low 
background noise. An example of this kind of particles was developed with NaYF4 




, showing an excitation wavelength of 975 nm 




3.2.2 Magnetic Resonance Imaging  
There are two modalities of MRI: T1 (relying on spin-lattice relaxation of protons in the 
organ/tissue) and T2 (dependent on spin-spin relaxation of protons in the organ/tissue). 
It creates images with good spatial resolution, but contrast agents are often needed to 
improve the sensitivity of the technique. These contrast agents are magnetically active 
species that can be divided in T1 or T2 agents depending on which of the modalities 
provides a better contrast with that particular contrast agent.  
The most common T1 contrast agents are species containing Gd (III) as the 
magnetic agent, chelated with either diethylamine pentaacetic acid (DTPA) or 
tetraazacyclododecane tetraacetic acid (DOTA)(Chen et al. 2016). These are the most 
widely used MRI contrast agents in the clinical setting, even though there is some 
concern about the toxicity of Gd (III) ions that can be released. Modifying the surface of 
nanocarriers with DTPA or DOTA in order to chelate Gd (III) is a very common and 
successful way to provide MRI capabilities to virtually any type of nanodevice that 
could be used simultaneously with therapeutic purpose. This kind of strategies allow for 
real-time monitoring of the therapy. Gd (III) ions can also be incorporated into an 
inorganic matrix of different types of nanoparticles (like upconversion nanoparticles) to 
provide MRI contrast ability. The use of nanoparticles capable of providing different 
imaging capabilities is promising, since they would allow taking advantage of the 
benefits of the different imaging modalities with a single formulation (Chen et al. 2016). 
Superparamagnetic iron oxide (Fe3O4) nanoparticles can be used as negative T2 contrast 
agents (since they reduce the spin-spin relaxation of the proton and therefore, give a 
dark contrast). They have been used in clinical MRI and their lack of toxicity is one of 
their biggest advantages. However, the contrast that these types of particles provide is 
rather low, and has to be improved in order to be more extensively used (Chen et al. 
2016). 
Another option would be using nanoparticles to produce magnetic resonance 
imaging using spin transitions of the nucleus of other species, like 
19
F. This isotope can 
be introduced in the structure of different nanoparticles in a fairly easy manner, 
allowing MRI with increased sensitivity and very low background noise, due to the lack 
of 
19
F in the organism. This promising strategy would only need minor modification in 
existing MRI devices to allow their use for 
19





3.2.3 Radioisotope imaging 
The incorporation of radioactive isotopes in different types of nanoparticles allows their 
use for in vivo imaging. The radioactive isotopes to be used are chosen to emit low 
energy species, so that there will not be any radiotoxicity derived from their use for 
bioimaging. The most common modalities of radioisotope imaging are positron 
emission tomography (PET) and single photon emission computed tomography 
(SPECT)  




Cu) emits γ rays that after 
detection, are used to generate a three dimensional image. Nanoparticles allow a large 
number of radioisotope labeling, providing a great sensitivity and reducing the amount 
of contrast agent needed to perform the imaging. The most common ways to obtain 
nanoparticles for PET imaging are the use of chelators in the surface of the 
nanoparticles and radiolabeling by ion exchange within the nanoparticle matrix. SPECT 
imaging is based on a similar rationale, and suitable radioisotopes (like 
125
I) can also be 
included in a nanoparticle structure to evaluate nanoparticle distribution with whole-
body in vivo SPECT imaging (Chen et al. 2016). 
3.2.4 X-ray Computed Tomography 
CT imaging is based on using several X-Ray scans to produce a tomographic image 
after being processed by a computer program. CT contrast is very high for hard tissues, 
but it is not sufficient when the objective is to image soft tissues, where a contrast agent 
is needed. Atoms with large atomic number provide high contrast in X-ray images, and 
are therefore used for CT imaging. For this reason, gold nanoparticles with different 
shapes have been extensively studied for CT imaging. Some of the main reasons are, 
besides the high contrast in X-ray, their easy synthetic procedures, biocompatibility and 
the capacity to finely tune their optical properties in order to combine CT imaging with 
other optical modalities. Other inorganic nanoparticles, like upconversion nanoparticles 
containing Yb have also been studied for this application (and also in combination with 
optical imaging modalities) (Chen et al. 2016; Liu et al. 2012). 
4. Nanoparticles for therapy 
Nanoparticles can be designed for therapeutic application based on two different (but 




exert the desired function (material-based therapy) or the nanoparticle is used as a 
carrier for a therapeutic molecule (constituting a nano-Drug Delivery System, nano-
DDS). Nano-DDS can overcome many of the problems related to traditional drugs for 
the treatment of several diseases. They are particularly useful when dealing with toxic 
drugs of hydrophobic ones that are difficult to administer in a stable formulation. 
Therefore, nanomedicine can improve the bioavailability, and increase the target 
specificity while decreasing the systemic toxicity of a wide variety of drugs. The 
inclusion of drugs inside a nanocarrier can also protect the drug from degradation that 
might take place when exposed to the physiological environment (such as enzymatic 
degradation) (Chen et al. 2016). This can potentially allow the use of drugs that would 
otherwise be unable to reach the clinic, either due to poor solubility, systemic toxicity of 
lack of chemical stability. 
Multifunctional nanosystems can be obtained by adding therapeutic capabilities 
to the in vivo diagnostic nanoparticles already discussed, developing theranostic 
nanodevices. Nanoparticles can be used for a wide variety of pathological conditions, 
including infection, osteoporosis, gene therapy, cancer treatment and others (Chen et al. 
2016). However, most of the research has been focused on the use of nanoparticles for 
cancer treatment. 
4.1 Cancer nanomedicine 
The most important reason why the vast majority of nanomedicine research has been 
focused on cancer is what has been called the Enhanced Permeation and Retention 
(EPR) effect (Figure 3). By that name, Maeda defined in the 1980s the preferential 
accumulation in tumor tissues of macromolecules and nanosized structures (Matsumura 
& Maeda 1986). This effect is possible due to the fast and chaotic growth of most solid 
tumors. During that indiscriminate growth, the tumor cells are capable of inducing the 
formation of blood vessels (in a process called angiogenesis) in order to receive enough 
nutrients and remove waste products from their metabolism. However, and in contrast 
to the formation of healthy blood vessels, this angiogenesis is fast and disorganized, 
leading to imperfect blood vessels, leaving pores in the walls of capillaries that are 
bigger than those in healthy tissues and organs. The presence of those pores or 
fenestrations allows the extravasation of large macromolecules and nanoparticles to the 
diseased site, what would not be possible in a healthy tissue (enhanced permeation). 




pressure. Under those conditions, the lymphatic vessels present in the tissue will be 
blocked, preventing the drainage of extravasated particles (enhanced retention). The 
discovery of this phenomenon in the 1980s lead to the proposal of using nanoparticles 
to treat tumors, since the enhanced accumulation would allow the delivery of higher 
doses of antitumor drugs in the tumors, potentially reducing the dose of the drug and, 
therefore, reducing side effects without compromising the efficacy of the treatment. The 
EPR effect became then the main justification for the development of nanomedicine, 
and would provide what would be known in the field as a “passive targeting”. 
 
Figure 3. Schematic representation of the enhanced permeation and retention (EPR) 
effect. 
Nanoparticle accumulation in the tumor area by the EPR effect relies on the 
circulation time of the nanoparticles in the bloodstream. After intravenous injection of 
the nanoparticles, a series of steps must take place to allow the EPR effect to take place. 
First, the nanoparticles have to be stable in suspension while circulating in the blood. 
Otherwise, nanoparticle aggregation will lead to the obstruction of blood vessels, 
potentially compromising the patient´s life. Then, the nanoparticles have to remain in 
the bloodstream long enough to extravasate to the tumor in a sufficient amount to elicit 
the therapeutic effect. One key aspect to consider regarding nanoparticle circulation 
time is the opsonization of the nanoparticles (Wicki et al. 2015). Opsonization is a 
process by which a pathogen or foreign body is surrounded by a type of proteins called 









order to destroy it. When nanoparticles without any surface modification are put in 
contact with the blood, they are covered by a mixture of different proteins (forming 
what is called the protein corona). The formation of this protein corona can accelerate 
very dramatically the clearance of the nanoparticles from systemic circulation due to the 
presence of opsonins in its composition. One of the most employed strategies to slow 
down the formation of the protein corona consists on modifying their surface with 
highly hydrophilic moieties that will hinder protein adsorption on the nanoparticle 
surface. The most common molecule to achieve this is polyethyleneglicol (PEG), and 
the process of coating a nanoparticle with PEG has been called PEGylation. 
PEGylation has been shown to significantly increase circulation time of 
nanoparticles and, therefore, their accumulation in tumors (Wicki et al. 2015). However, 
the protein corona will eventually form (although more slowly), and the nanoparticles 
that have not yet reached the diseased site will be removed from the circulation by the 
organs of the reticuloendothelial system (RES, mainly liver and spleen). It has been 
recently estimated that the amount of nanoparticles that arrive to the tumor tissue is in 
average less than 1% of the injected dose (Wilhelm et al. 2016). Even though that 
number seems low, it is greatly superior to the percentage of free drug that would reach 
the tumor site without the nanocarrier (Lammers et al. 2016). Moreover, several 
strategies can be applied to further improve nanoparticle accumulation in tumors, like 
injecting angiotensin II (a vasoconstrictor) to increase the systemic blood pressure and 
facilitate nanoparticle leakage to tumors (Maeda et al. 2013), normalizing tumor 
vasculature to diminish interstitial pressure within the tumor (Chauhan et al. 2012)  or 
destabilizing the blood vessels in the tumor by hyperthermia or ultrasound to increase 
their permeability (O’Neill et al. 2009).  
4.1.1 Active targeting of nanoparticles 
In order to improve the efficacy of nanoparticles for therapy, a second strategy of 
nanoparticle targeting was then developed, the one known as “active targeting”. Active 
targeting is based on decorating the nanoparticle surface with molecules that would 
induce selective internalization in tumor cells, and decreasing the amount of particles 
that would reach healthy cells. When the release of the cytotoxic agent takes place 
inside the tumor cell, the high local concentration of the drug would increase its 
efficacy, lowering even more the required dose of the highly toxic antitumor drug. The 




the tumor cells overexpress receptors, due to their high demand to allow their rapid 
growth) or antibodies (for specific antigens present in the tumor cell membrane). These 
targeting molecules can be small molecules (like folic acid (Stella et al. 2000) or biotin 
(Yang et al. 2009)) or macromolecules (like the protein transferrin) (Greish et al. 2014). 
Another step of nanoparticle targeting can take place after cellular uptake of the 
nanodevice. In this case, the surface of the nanoparticles is also decorated with moieties 
that can drive nanoparticle accumulation in a particular subcellular structure or 
organelle. For example, nanoparticles presenting triphenyl phosphonium moieties on 
their surface are known to target the mitochondria, and are often used to carry drugs that 
act at the mitochondria, increasing the therapeutic efficacy of the nanodevice.  
It is worth noting that, since active targeting strategies involve the interaction of 
nanoparticle with a receptor in the target cell membrane, this strategy relies on passive 
accumulation first, which would bring the particles close enough to the cells so that 
active targeting can take place. Once the nanoparticle has reached the tumor 
environment and has interacted with the tumor cell receptors, another consideration 
must be taken. If the interaction with the cell receptor is very efficient in inducing 
nanoparticle uptake, a paradoxical effect can appear. The first line of cells in the tumor 
will internalize all of the nanoparticles, preventing their penetration to deeper areas. 
This might hinder the therapeutic efficacy of the nanoparticles, since most of the tumor 
will not be exposed to them. In order to try to solve this issue, hierarchical targeting 
strategies are being developed (Wang et al. 2016). In these strategies, the targeting 
moiety is hidden until the nanoparticles are already distributed in the tumor. Then, the 
presence of an internal or external stimulus will induce the exposure of the targeting 
moiety, allowing particle uptake by the tumor cells. These kinds of strategies would also 
be useful to increase the circulation time of those targeted nanoparticles, since the 
presence of targeting moieties on the surface of PEGylated nanoparticles has been 
shown to facilitate their removal from the bloodstream by the RES (Wang et al. 2016). 
If the targeting ligand is hidden until after the nanoparticles have accumulated in the 
tumor, the nanoparticles will be able to remain in the circulation for longer periods of 
time. After extravasation to the tumor tissue, PEGylated nanoparticles are poorly 
internalized in tumor cells (due to what has been called the "PEGylation dilemma") 
(Hatakeyama et al. 2013). However, with these hierarchical targeting strategies, the 
exposure of the targeting molecule will allow their successful internalization in tumor 




Besides this problem, other considerations must be taken into account. First, 
nanoparticle diffusion in tumor tissues is hindered by the high interstitial pressure. 
Therefore, the size of the nanoparticles will be a key factor in determining whether the 
particles can reach deeper areas of the diseased tissue. To attack this problem, size-
changing materials are being developed to allow for a deeper penetration once the 
nanoparticles have reached the tumor (Wang et al. 2016). Besides, strategies directed to 
reducing interstitial pressure are also interesting approaches with potential to obtain 
very positive results (like using collagenase prior to nanoparticle injections) (Goodman 
et al. 2007).  
All the strategies we have discussed so far depend on the EPR effect to induce 
selective accumulation of the nanoparticles in the tumor microenvironment. However, it 
is well established that the EPR effect presents a very high variability, even amongst 
tumors of the same type, and it changes greatly when discussing different tumor types 
(Greish et al. 2014). Two possibilities arise from this perspective: either developing 
methods that would allow for a selection of patients that are most likely to respond to 
nanoparticle-mediated therapy (by determining whether their particular tumor presents a 
strong EPR effect or not), or developing new strategies to induce nanoparticle 
accumulation in tumors that do not rely on the EPR effect (Greish et al. 2014; Hu et al. 
2010).  
4.1.2 Material-based therapeutic approaches  
Several approaches have been studied to induce therapeutic effects by using 
nanoparticles without relying on drug release, because the nanomaterial itself is 
responsible for the desired response. These effects are often used in combination with 
drug release from the same nanoparticles, looking for a synergistic effect between them. 
Some of the most important ones will be briefly mentioned here. 
Photodynamic therapy (PDT): PDT is a type of therapy involving two components: 
light and a molecule called photosensitizer. None of them are toxic individually, but 
they are capable of inducing cell death when they are combined. Photosensitizers 
(generally porphyrin molecules) can be excited by light (at different wavelengths 
depending on the particular photosensitizer) into a triplet state. This excited 
photosensitizer in its triplet state can transfer its energy to oxygen in the medium, 




singlet oxygen implies that only the cells very close to the photosensitizer will be 
affected by the generation of those reactive oxygen species (ROS). Since 
photosensitizers share many shortcomings with other drugs regarding their poor 
solubility and difficulty to get high concentrations in the tumor tissue, the use of 
nanoparticles to transport them to the desired area of the body has emerged as a very 
powerful tool to increase the efficacy of PDT (Chen et al. 2016). As PDT will happen 
independently of whether the photosensitizer is free in solution or inside a nanoparticle, 
the sensitizer can be included in the formulation without having to be released to induce 
the desired effects. 
Photothermal Therapy (PTT): In PTT, the nanoparticle itself is responsible for the 
biological effects of the therapy. PTT is mainly based on the plasmonic absorption of 
metallic nanoparticles. Metallic nanostructures can be designed to absorb Near-Infrared 
(NIR) or Infrared (IR) light, generating heat as a consequence. If the nanoparticles are 
embedded inside a tumor mass, the increase in the temperature will eventually cause 
cell death by necrosis (cancer cells are more vulnerable to hyperthermia than healthy 
cells, in a temperature range 40-43ºC)(Chen et al. 2016; Hildebrandt 2002). Gold 
nanorods are amongst the most studied nanoparticles for PTT, since they can generate 
heat very efficiently when exposed to NIR light, while also having an easy and finely 
tunable synthesis. Another type of nanoparticles that is under extensive evaluation for 
PTT is graphene oxide, which has been shown to generate heat when exposed to 800 
nm lasers. Also, incorporating NIR dyes or porphyrins in the structures of different 
nanoparticles not only allows their use for imaging, but also the generation of PTT 
(obtaining theranostic nanodevices) (Chen et al. 2016). 
Magnetic hyperthermia: Besides the possibility to increase accummulation of 
superparamagnetic nanoparticles in tumors by the application of an external magnetic 
field (magnetic targeting), these nanoparticles can also generate heat when exposed to 
an alternating magnetic field (Chen et al. 2016). In the same way as for PTT, the local 
heating caused by magnetic hyperthermia can cause the death of cancer cells without 
the need for any drug molecules to be released from the material. The possibility of 
obtaining theranostic nanodevices for magnetic hyperthermia is also exciting, since 
superparamagnetic iron oxide nanoparticles that can be employed to induce it can also 




4.1.3 Nano-Drug Delivery Systems 
Most of the work that has been developed about the therapeutic application of 
nanoparticles involves using them as DDS, so that they can improve the 
pharmacokinetic parameters of different active molecules, getting them to the site of 
action. Once the nanoparticles are located in the tumor area, nanoparticles carrying 
cytotoxic drugs will have to release them so that they can perform their action. The 
nanoparticles acting as nano-DDS can be designed to present a controlled release of the 
drugs they contain. Nanoparticles can be prepared to provide prolonged release of the 
drug, for example by introducing the active molecule in a biodegradable matrix (PLGA 
nanoparticles are a typical example of this strategy) (Chen et al. 2016). As the 
nanoparticle degrades, the drug is released to the medium, and carries out its function. 
However, since anticancer drugs are highly toxic, it would be very interesting to 
develop a nanocarrier that can release such drug only in the diseased site, without any 
drug loss during transport. In that context, as plethora of stimuli-responsive materials 
have been evaluated (most of them in vitro, although many in vivo evaluations have also 
been performed). In these materials, drug release is hindered by some component in the 
formulation that can respond to differences in its environment, inducing a change in the 
formulation that will lead to drug release. The different stimuli that can be employed to 
this end can be divided in internal and external stimuli (Figure 4). 
 
Figure 4. Concept of stimuli-responsive drug release. Different stimuli reported in the 
literature divided in internal or external stimuli. 
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Internal stimuli are differences in tumor tissues or tumor cells that are not 
present in the healthy counterparts (or are much less intense). Therefore, once the 
nanoparticle is in the tumor, the presence of such stimulus will induce some change that 
will provoke drug release. Typical examples of internal stimuli in cancer therapy are pH 
(tumors possess a lower pH than healthy tissues, and the pH in some intracellular 
compartments, like lysosomes, is also much lower than in the extracellular medium) 
(Liu et al. 2010), redox potential (which also presents significant changes in the 
intracellular compartment compared to extracellular media) (Z.-Y. Li et al. 2015), and 
the presence of different proteins or signaling molecules (like Matrix MetaloProteases, 
MMPs) (Singh et al. 2011). For example, pH-responsive mesoporous silica 
nanoparticles can be obtained by grafting gold nanoparticles acting as gatekeeper 
through a pH-labile acetal group (Liu et al. 2010). Once the nanoparticles are exposed to 
an acidic pH, the acetal linker is cleaved and the cargo inside the nanoparticle pores can 
be released. Another example are redox-responsive polymeric nanoparticles that can be 
obtained by the introduction of disulfide bonds inside the polymer structure (Song et al. 
2011). Once in the reducing intracellular environment, the disulfide bonds are broken 
and the nanoparticle releases its cargo.  An advantage of internal stimuli is that once the 
nanoparticle is administered, no further action is needed from the clinician. This would 
in theory ease the translation of these strategies. However, a general piece of criticism 
towards these stimuli is that most of the differential characteristics between healthy and 
tumor tissues are not as exacerbated in reality as it is supposed in most research articles 
dealing with them, what would hamper the correct behavior of the material in real 
clinical situations. 
On the other hand, external stimuli have also been extensively evaluated. 
External stimuli are not present in the organism and they are not a consequence of the 
pathology. They are exogenous agents that the clinician might apply to the diseased site 
after the administration of the nanocarrier and would then interact with the formulation, 
inducing drug release. Examples of external stimuli that have been evaluated are light 
(Martínez-Carmona et al. 2015), magnetic field (Guisasola et al. 2015) or ultrasound 
(Grüll & Langereis 2012; Schroeder et al. 2009; Li et al. 2016; Paris et al. 2015). For 
example, light-responsive liposomes can be obtained by taking advantage of the same 
effect as the one used for photodynamic therapy. A photosensitizer can be included in 
the formulation, as well as an unsaturated lipid. Once the formulation is exposed to 




of the lipid bilayer (Carter et al. 2014). The lipid bilayer permeability is therefore 
modified, inducing drug release. As an example of magnetic-responsive drug release, 
superparamagnetic nanoparticles embedded in a mesoporous silica matrix can be 
employed to induce an increase in the local temperature when exposed to an alternating 
magnetic field, what can then induce a conformational change in a temperature-
responsive polymeric gate, allowing cargo release from the material (Guisasola et al. 
2015). An advantage of these kinds of stimuli is that, since they are not present in the 
organism, designing formulations that are sensitive to them will provide a high 
selectivity in the material response. On the other hand, there are several concerns about 
their use, like the poor penetration of the stimulus in the organism (for example, with 
light), difficulty to focus the stimulus in the tumor or toxicity associated to the stimulus 
alone.  
4.2 Nanomedicine for other applications 
4.2.1 Infection: Nanoparticles can be used to deliver different antimicrobial drugs to 
treat different infectious diseases, by developing the so-called "nanoantibiotics" (Huh & 
Kwon 2011). Nanoantibiotics can be developed by using nanoparticles with inherent 
antimicrobial activities (like Ag nanoparticles, fullerenes or chitosan nanoparticles) or 
by acting as drug delivery vehicles that can release antimicrobial drugs (Huh & Kwon 
2011). Antibiotic-loaded mesoporous Silica Nanoparticles have been proposed for 
intracellular pathogens like Francisella tularensis (Z. Li et al. 2015). The main rationale 
for this work was the fact that F. tularensis is found in macrophages of the infected 
host. Macrophages are professional phagocytes that tend to engulf large amounts of 
nanoparticles after they are injected in the bloodstream. Once nanoparticles have 
undergone uptake by them, the antibiotic moxifloxacin was released, killing the bacteria 
inside the macrophages and showing promising in vivo results for the treatment of 
Lethal Pneumonic Tularemia (Z. Li et al. 2015). Antimicrobial nanomedicine has 
gained great attention due to antibiotic resistance. Nanoantibiotics can be used to deal 
with this problem either by taking advantage of different mechanisms of action (less 
likely to induce resistance, like using silver or other metal nanoparticles), by better 
targeting the diseased site or by employing combinations of different drugs in a single 




4.2.2 Osteoporosis: Osteoporosis is nowadays one of the main reasons of morbidity in 
the aging population (Luhmann et al. 2012). Nanoparticles have been proposed for the 
treatment of osteoporosis in order to try to improve the efficacy of anabolic (increasing 
bone production) and anti-resorptive (decreasing bone elimination) therapy (Luhmann 
et al. 2012). This could happen mainly by increasing the local concentration of the 
drugs of interest in the diseased site. For that reason, different strategies have been 
developed to improve bone targeting of nanomedicines, mainly by decorating the 
nanoparticle surface with different bisphosphonates (that present a strong interaction 
with calcium present in the inorganic phase of bone, hydroxyapatite) or with the 
collagen binding domain of different proteins (targeting therefore collagen, the main 
organic component of bone) (Luhmann et al. 2012). Once located in the diseased bone, 
the nanoparticles can be used to release different therapeutic agents, like Parathyroid 
Hormone (PTH) or Bone Morphogenetic Proteins (BMPs), which are growth factors 
that have been extensively studied for bone regenerative therapy (Luhmann et al. 2012). 
4.2.3 Gene Therapy: A great number of diseases are caused by a malfunction of one or 
several genes, and gene therapy implies a modification in the structure or expression of 
such genes to treat the pathologies that arise from that malfunction. The main barriers 
that gene vectors encounter to allow effective gene therapy are: prevention of 
degradation of the nucleic acid (DNA or RNA), efficient uptake by the target cells, 
release of the nucleic acid in the cytoplasm and outside of the endolysosomal system, 
entering the nucleus and producing sufficient gene expression (Chen et al. 2016). The 
use of a targeted nanocarrier that can protect the nucleic acid during transport and can 
release it in the proper location can therefore overcome most of those concerns. 
Especially appealing is the strategy of delivering small interference RNA (siRNA) to 
modify the expression of different genes of interest. The most common way of 
introducing nucleic acids in a nanoformulation is through the electrostatic interaction 
between the negatively charged nucleic acid (DNA or RNA) and a positively charged 
nanostructure, generally by using polycationic polymers. Among all the available 
polycations, the ones that are most widely used are polyethyleneimine (PEI, either 
linear or branched), PAMAM and chitosan (Chen et al. 2016). Besides polymeric 
nanoparticles composed of these kinds of polycations, liposomes with positively 
charged lipids are also very widely used for this application. The use of nanoparticles 




Nanoparticles with protonable groups under acidic conditions are capable of inducing 
lysosomal escape via the Proton Sponge Effect. Once the nanoparticles are inside the 
lysosomes after endocytosis, at the lysosomal low pH, the protonable groups acquire a 
high positive charge, which would tend to be neutralized by the entrance of chloride 
anions. These osmotically active ions enter the lysosomes accompanied by water, 
making the lysosome swell until it bursts, releasing the nanoparticles in the cytoplasm 
(Sahay et al. 2010). The nanoparticles can also be modified by endosomolytic agents to 
induce lysosomal escape of the nucleic acid-carrying nanoparticles (Chen et al. 2016).   
5. Conclusion 
Nanomedicine is a multidisciplinary field aimed to develop diagnostic and therapeutic 
tools based on nanoparticles with different chemical compositions. The selection of a 
particular nanoparticle type and their further modifications are selected based on the 
particular application of interest.  
The great versatility of nanotechnology enables the design and preparation of 
highly sensitive and specific diagnostic assays that could allow early detection of 
different pathologies, hopefully improving the prognosis of the patients. 
Nanoparticles can also be used in vivo for the diagnosis and treatment of several 
diseases (sometimes at the same time, by developing theranostic nanoparticles). With 
the help of nanoparticles, more sensitive imaging contrast agents can be obtained for 
their use with different imaging techniques. Recently, great attention has been attracted 
by nanoparticles that can act as contrast agents for several imaging techniques 
simultaneously. At the same time, nanoparticles can constitute powerful tools for the 
treatment of those same diseases, either by their own intrinsic characteristics, or by 
using them as carriers of different drugs. It is worth noting that, for each particular 
application, the pathological characteristics of the diseased tissues and cells have to be 
taken into account.  
The evolution of the field of nanomedicine in the last decades holds great 
promise, and their use could revolutionize the practice of medicine in a wide variety of 
clinical situations. However, before that can happen, all of the problems of current 
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1.2 Nanopartículas de sílice mesoporosa 
Los materiales porosos, en general, pueden clasificarse en función de su tamaño de 
poro, dando lugar a tres tipos de materiales: microporosos (poros inferiores a 2 nm), 
mesoporosos (poros entre 2 y 50 nm) y macroporosos (poros mayores de 50 nm).
1
 Los 
materiales mesoporosos fueron desarrollados a principios de la década de 1990, siendo 
empleados para múltiples aplicaciones, tales como catálisis, captación de agentes 
contaminantes o liberación de fármacos.
2–5
  
Los materiales mesoporosos de sílice consisten en una matriz de dióxido de 
silicio (sílice) amorfa a escala atómica que posee porosidad ordenada a escala 
nanométrica cuyo diámetro de poro se encuentra en el rango mesoporoso. Entre las 
principales características que hacen de los materiales mesoporosos de sílice una opción 
atractiva para sistemas de liberación de fármacos destacan sus propiedades texturales, su 
estabilidad físico-química y su facilidad de modificación química.
6–8
 En cuanto a sus 
propiedades texturales, poseen una elevada área superficial, hasta 1500 m
2
/g, y un alto 
volumen de poro, en torno a 1 cm
3
/g, que permiten alojar grandes cantidades de 
fármacos en el interior de sus poros.
9,10
 Además, los materiales mesoporosos de sílice 
han demostrado ser biocompatibles y capaces de ser eliminados del organismo tras su 
disolución parcial o total.
11–16
 De hecho, desde que en 2001 se propusieron por primera 




1.2.1 Síntesis de nanopartículas de sílice mesoporosa. 
La síntesis de materiales mesoporosos de sílice se basa en la condensación de  
precursores de sílice mediante el método sol-gel sobre una serie de plantillas que dirigen 
la estructura y que posteriormente serán eliminados. Generalmente se lleva a cabo 
empleando surfactantes, que son polímeros anfifílicos capaces de autoensamblarse en 
disolución dando lugar a estructuras ordenadas.
17
 Esta mesofase o cristal líquido actuará 
como agente director de estructura sobre el que condensará la materia inorgánica, 
siendo responsable de la porosidad del material final.
18
 La estructura ordenada del 
material puede modificarse seleccionando diferentes surfactantes, que pueden ser 
aniónicos o catiónicos, lo cual determinará el tipo de interacción que poseen con el 
precursor de sílice, así como las condiciones óptimas para llevar a cabo la síntesis.
18
 El 




longitud de cadena. Posteriormente, la adición de un precursor de sílice que sufrirá la 
hidrólisis y posterior policondensación en torno al agente director de estructura, dará 
lugar a la matriz de sílice que constituye el material.
18
 Para llevar a cabo la obtención de 
nanopartículas de sílice mesoporosa, se emplea el método de Stöber
19
 modificado, que 
se basa en realizar la síntesis en condiciones muy diluidas, pudiéndose controlar el 
tamaño de partícula en función de las condiciones de síntesis, tales como temperatura, 
concentración del precursor de sílice y agitación. Por último, la eliminación del 
surfactante por extracción o calcinación, permite dejar los poros vacíos y disponibles 
para cargar un fármaco en su interior.
20
  
En función de las condiciones de síntesis y del surfactante seleccionado, se 
pueden obtener materiales mesoporosos con distintas estructuras ordenadas de poro, 
siendo ejemplos típicos los materiales tipo SBA-15 o MCM-41.
20,21
 En la presente tesis 
doctoral, el material seleccionado son nanopartículas de sílice mesoporosa tipo MCM-
41 (MSNs). Para obtener dicho material, el surfactante empleado como agente director 
de estructura es el surfactante catiónico bromuro de hexadeciltrimetil amonio (CTAB 
por sus siglas en inglés).
7
 Así, el procedimiento sintético de obtención del material 
empleado puede observarse en el Esquema 1. 
 




La síntesis de las MSNs empleadas en este trabajo se realiza en medio básico 
para catalizar la hidrólisis y condensación del precursor de sílice (Tetraetilortosilicato, 
TEOS) para dar lugar a la matriz del material.
20
 El CTAB se elimina del material por 
medio de extracción por intercambio iónico empleando nitrato de amonio. El motivo de 
realizar esta eliminación por extracción en lugar de calcinando el material es doble. Por 
un lado, evitar la agregación irreversible de las nanopartículas debida al tratamiento a 
alta temperatura. Además, se evita la generación de productos potencialmente tóxicos 
procedentes de la calcinación del surfactante, ya que la aplicación deseada para el 
material en este trabajo es en biomedicina.
20
 En las condiciones de síntesis empleadas, 











el CTAB da lugar a una estructura mesoporosa con orden hexagonal, con poros de 
diámetro entre 2 y 3 nm, paralelos entre sí y no interconectados.
12
  
1.2.2 Caracterización de MSNs. 
La obtención del material deseado puede evaluarse mediante múltiples técnicas de 
caracterización. A continuación se muestran algunos ejemplos representativos de la 
caracterización básica más habitual de materiales mesoporosos de sílice. En primer 
lugar, la correcta síntesis de la matriz de sílice por el método sol-gel es comprobada 
mediante espectroscopía infrarroja con transformada de Fourier (FTIR, por sus siglas en 
inglés). El espectro FTIR de las MSNs muestra las bandas vibracionales 
correspondientes a la sílice (490-1090 cm
-1
, Figura 1), al mismo tiempo que nos permite 
confirmar la correcta extracción del surfactante (que mostraría una serie de bandas entre 
1400-1700 cm
-1




 Posteriormente, la isoterma de adsorción de 
nitrógeno del material permite apreciar la elevada porosidad del material, así como la 
estrecha distribución del diámetro de poro, entre 2.5 y 3 nm (Figura 1).
25
 La estructura 
ordenada de los poros del material se confirma mediante el diagrama de difracción de 
rayos X (XRD por sus siglas en inglés) a bajo ángulo, donde se observan los máximos 
de difracción característicos de la estructura ordenada hexagonal bidimensional de los 




Figura 2. Caracterización típica de MSN. Espectro FTIR (arriba, izquierda), isoterma de 
adsorción de N2 y distribución de diámetro de poro por adsorción de nitrógeno 
(arriba, derecha) y diagrama XRD a bajo ángulo (abajo). 
Área BET:    1051 m²/g
Relative Pressure (p/p°)
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Finalmente, la obtención del material en forma de nanopartículas puede 
observarse en las micrografías de las MSNs presentadas en la Figura 2, donde se 
observa la morfología y distribución de tamaños de las nanopartículas (microscopía 
electrónica de barrido, SEM por sus siglas en inglés), así como su estructura 
mesoporosa ordenada (microscopía electrónica de transmisión, TEM por sus siglas en 
inglés). Como se verá más adelante, otra técnica ampliamente empleada para analizar la 
distribución de tamaños de nanopartículas es la dispersión de luz dinámica (DLS). 
 
Figura 2. Micrografías de MSNs obtenidas por SEM (izquierda) y TEM (derecha). 
1.2.3 Modificación química de MSNs. 
La modificación química, o funcionalización, de las MSNs puede emplearse para dotar 
a las nanopartículas de grupos funcionales en superficie que permitan llevar a cabo 
modificaciones químicas posteriores o para favorecer la interacción de los grupos 
funcionales presentes en el poro con un fármaco, de forma que se consiga un proceso de 
carga y liberación del mismo controlado por dicha interacción.
27
 La funcionalización 
puede realizarse por dos rutas diferentes, en función del momento en el que se realice, 
durante o tras la síntesis del material, co-condensación o post-síntesis, 
respectivamente.
28
 Durante la presente tesis doctoral, una u otra ruta será elegida en 






Esquema 2. Representación esquemática de las vías de funcionalización por co-condensación 
(arriba) y post-síntesis (abajo). Adaptada de 
5
. 
a) Funcionalización por co-condensación 
La funcionalización por co-condensación se realiza durante el proceso de 
obtención de las nanopartículas de sílice mesoporosa. El agente funcionalizante será 
añadido en forma de organosilano de forma conjunta con el precursor de sílice, de 
manera que los dos condensarán conjuntamente para dar lugar a la matriz del material.
28
 
De esta forma, el agente funcionalizante se encontrará repartido por toda la estructura de 
la partícula de forma homogénea, tanto en la superficie externa de la partícula, como en 
la superficie expuesta del interior de los poros, así como en el interior de la matriz.
29,30
 
La principal desventaja de este método es que grandes proporciones del agente 
funcionalizante pueden afectar a la estructura mesoporosa ordenada, por lo que suele 
emplearse en porcentajes minoritarios con respecto al TEOS.
31
 También obliga a 
controlar las condiciones de eliminación del agente director de la estructura, para 
asegurar que el agente funcionalizante no sea dañado en el proceso. La funcionalización 
por co-condensación ha sido empleada en varias ocasiones en esta tesis doctoral para 
obtener MSNs con grupos aminopropilo homogéneamente distribuidos por toda su 
estructura.  
b) Funcionalización post-síntesis 
La funcionalización post-síntesis se realiza después de la obtención del material 












expuestos en la superficie de la nanopartícula.
28
 El agente funcionalizante no puede, por 
lo tanto, incorporarse en la matriz de sílice, y quedará en la superficie externa de la 
partícula así como en la superficie expuesta del interior de los poros.
26
 Si se desea que el 
agente de funcionalización no esté presente en el interior de los poros, puede llevarse a 
cabo la funcionalización antes de la extracción del surfactante, o puede emplearse un 
agente funcionalizante de tal tamaño que éste no entre en el poro por impedimento 
estérico.
32
 Este método permite obtener un mayor grado de funcionalización de la 
superficie del material sin comprometer la estructura ordenada de los poros, aunque la 
distribución del agente funcionalizante no es tan homogénea como la obtenida por el 
método anterior, especialmente en el interior de los poros. Otra desventaja es la 
necesidad de un paso adicional tras la síntesis de las nanopartículas para la obtención 
del material funcionalizado. La funcionalización post-síntesis ha sido empleada en esta 
tesis doctoral para el anclaje de la compuerta polimérica sensible a US en la superficie 
externa de las MSNs. 
1.2.4 MSNs estímulo-respuesta. 
Como se ha descrito en el capítulo 1.1, el desarrollo de materiales mesoporosos 
inteligentes, capaces de inducir la liberación de su carga en presencia de determinados 
estímulos, ha tenido un amplio desarrollo en los últimos años.
33,34
 Debido a la estructura 
porosa abierta de los materiales de sílice mesoporosa, y con el objetivo de controlar la 
liberación desde los mismos, se hace necesario el anclaje de un elemento de cierre que 
actúe a modo de compuerta capaz de regular la liberación del contenido presente en los 
mesoporos. Para la obtención de MSNs con liberación en respuesta a estímulos, se han 
elegido en esta tesis doctoral las nanopartículas tipo MCM-41, que poseen poros 
ordenados no interconectados entre ellos, lo que facilita la obtención de un material con 
liberación controlada. Esto se debe a que los poros del material que no hayan sido 
tapados totalmente no influirán en la liberación desde el resto de poros correctamente 
cerrados. La naturaleza de las compuertas que pueden anclarse a MSNs comprende 
desde polímeros
35,36
 hasta nanopartículas compactas de menor tamaño.
37
 El conector por 
el cual la compuerta esté anclada, o bien alguno de los componentes de la compuerta en 
sí misma, son diseñados con objeto de producir una respuesta (cambio de conformación, 
ruptura, u otros) en presencia del estímulo de interés.
21
 Mediante este tipo de estrategias, 

















La presente tesis doctoral se centra en la obtención de nanopartículas de sílice 
mesoporosa sensibles a ultrasonido (US) como estímulo externo. Con anterioridad al 
comienzo del desarrollo de esta tesis doctoral, la combinación de materiales 
mesoporosos de sílice con la aplicación de ultrasonido en el contexto biomédico había 
sido muy poco explorada.
44–46
 En dichos trabajos, o bien no se empleaban 
nanopartículas,
45,46
 o bien no se evaluaba la liberación de ninguna carga en respuesta al 
estímulo.
44
 Durante el desarrollo de esta tesis, este campo se ha convertido en un área de 
gran interés, con multitud de artículos de investigación desarrollados sobre el tema en 
este tiempo,
47–57
 e incluso revisiones bibliográficas dedicadas a él.
58
 El ultrasonido 
puede ejercer distintos efectos biológicos que pueden ser aprovechados para diseñar y 
obtener materiales sensibles a la aplicación del estímulo. El siguiente capítulo de la 
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1.3 Ultrasonido como estímulo externo 
El ultrasonido (US) puede ser definido como una onda acústica (mecánica) cuya 
frecuencia está por encima del límite de audición del ser humano (20 kHz).
1
 La onda de 
US puede ser definida en función de diversos parámetros, tales como frecuencia, 
potencia, intensidad o presión (Figura 1). La velocidad del US dividido por su longitud 
de onda da lugar a la frecuencia, que es el parámetro más habitual para describir una 
onda de US. La velocidad del US en agua, que es el medio por el que se va a transmitir 
en un organismo vivo, es de 1480 m/s.
2
 En función de su frecuencia, puede dividirse en 
ultrasonido de baja frecuencia (inferior a 1 MHz) o ultrasonido de alta frecuencia 
(superior a 1 MHz).
1
 La potencia del US puede expresarse en vatios (W), aunque en el 





Dado que se trata de una onda mecánica, la presión generada por la aplicación del US 




Figura 1. Parámetros que describen una onda de ultrasonido. Adaptado con permiso.
2
 
El uso de US en clínica se encuentra ampliamente extendido tanto con fines 
diagnósticos como terapéuticos.
7
 Se ha empleado para multitud de aplicaciones, como 
en la generación de hipertermia,
8







 obtención de imagen diagnóstica
12
 y en 
fisioterapia,
4
 entre otras muchas. Para su uso diagnóstico suelen emplearse frecuencias 
altas (generalmente por encima de 3 MHz) trabajando a intensidades bajas.
13














parte, para aplicación terapéutica se suelen emplear frecuencias inferiores, trabajando a 
una mayor intensidad.  
La generación de US suele realizarse empleando transductores constituidos por 
cristales piezoeléctricos, capaces de convertir una señal eléctrica en una onda mecánica 
que se transmitirá por un fluido.
14
 La utilización de transductores con curvatura permite 
la generación de un punto focal a cierta distancia de la fuente de US de alta frecuencia. 
Esto posibilita la aplicación de una mayor intensidad del estímulo en el punto de interés 
a cierta profundidad en el interior del organismo de forma no invasiva, minimizando la 
intensidad de US a la que estarán expuestos los tejidos sanos circundantes.
8
 La 
posibilidad de focalizar el US a cierta profundidad ha dado lugar al desarrollo de 
terapias que emplean ultrasonido focalizado de alta intensidad (HIFU por sus siglas en 
inglés). El uso de HIFU se plantea como alternativa a la cirugía en algunos casos de 









La elevada capacidad de penetración del US y la posibilidad de aplicarlo de 
forma focalizada suponen grandes ventajas sobre otros estímulos externos ampliamente 
estudiados, como es el caso de la luz. El principal inconveniente de la luz en su uso en 
biomedicina es la poca capacidad de penetración de dicho estímulo en tejidos, haciendo 
necesario el uso de intensidades elevadas que pueden llegar a causar quemaduras en la 
piel del paciente.
1,15
 El uso de luz del infrarrojo cercano (NIR por sus siglas en inglés) 
aumenta la capacidad de penetración del estímulo, pero sigue siendo mucho menor que 
la capacidad de penetración del US.
16
 A modo de ejemplo, se realizó durante una 
estancia predoctoral en el grupo dirigido por el Prof. Daniel S. Kohane (Boston 
Children´s Hospital, Harvard Medical School), una comparativa de la penetración de luz 
Piel
Transductor







NIR (730 nm) frente a US no focalizado de 1 MHz, como puede verse en la Figura 2. 
Para la determinación de la capacidad de penetración de ambos estímulos, se aplicó 
cada uno de ellos en músculo, empleando carne de ternera. Se detectó la intensidad del 
estímulo capaz de atravesar distintos grosores de tejido muscular con un medidor de 
potencia (luz) o un transductor conectado a un osciloscopio a través de un módulo de 
detección (US). Como se puede observar en la Figura 2, la capacidad del US de 
atravesar el músculo es mucho mayor que en el caso de la luz NIR.  
 
Figura 2. Capacidad de penetración ex vivo de luz NIR frente a US en tejidos (centro), imagen 
del montaje experimental para determinar la capacidad de penetración de US 
(izquierda) y luz NIR (derecha). 
Los efectos biológicos del ultrasonido pueden dividirse en efectos térmicos y 
efectos mecánicos.
8
 Sin embargo, merece la pena mencionar que ambos tipos de efectos 
se van a producir de forma simultánea, y que en la mayoría de las ocasiones, separar 
ambos es una tarea compleja, como se va a comentar a continuación. 
Efectos térmicos: A medida que una onda de US se propaga por un tejido, parte 
de su energía puede ser absorbida en forma de calor, incrementando la temperatura en la 
zona.
8
 Así, la hipertermia generada por US puede emplearse para terapias ablativas del 
cáncer (como en el ejemplo presentado del uso de HIFU en el esquema 1) o para activar 
nanomateriales sensibles a temperatura.
17
 Los efectos térmicos están relacionados de 
forma directa con la frecuencia de US empleada: mayores frecuencias producen un 
mayor aumento de temperatura al transmitirse por los tejidos.
4
 
Efectos mecánicos: Los efectos mecánicos del US pueden dividirse en efectos no 
cavitatorios y cavitación acústica.
18


































acústico (referido en inglés como acoustic streaming), que puede ser definido como la 
generación de movimiento o flujo en un fluido como consecuencia de la exposición del 
mismo a las ondas mecánicas del US.
19
 Por otra parte, la cavitación acústica es debida a 
la interacción de burbujas de gas en un fluido con las ondas mecánicas del US a las que 
está expuesto.
20,21
 Puede dividirse en tres etapas, pudiendo dar lugar a cavitación estable 
o cavitación inestable (también denominada inercial) (Figura 3).  
 
Figura 3. Proceso de cavitación acústica. Adaptado con permiso.
22
 
Primero, la exposición a las ondas mecánicas induce la formación de pequeñas 
burbujas de gas en el fluido. La interacción de estas microburbujas con las ondas de US 
las hace oscilar de tamaño, expandiéndose y comprimiéndose en la fase de presión 
positiva y negativa, respectivamente (cavitación estable).
20
 Finalmente, si el estímulo 
alcanza una intensidad suficiente, la superación de un tamaño umbral en la fase de 
presión negativa induce el colapso catastrófico de la misma en la fase de presión 
positiva (cavitación inercial).
6
 Esta implosión de la microburbuja de gas produce unas 
condiciones extremas en el entorno local (en la nanoescala), alcanzándose presiones y 
temperaturas muy altas, del orden de 5000 K, lo que dificulta separar efectos térmicos y 
mecánicos.
1
 Estas condiciones extremas dan lugar a la generación de luz 
(sonoluminiscencia)
23
 y a la formación de especies reactivas de oxígeno (ROS por sus 
siglas en inglés) debido a la pirolisis de moléculas de agua.
18
 El índice mecánico (MI 
por sus siglas en inglés) es un parámetro que indica la probabilidad de cavitación 
inercial en un fluido expuesto a US.
24
 Se define como el pico de presión negativa 
generado dividido por la raíz cuadrada de la frecuencia de US empleada. Valores de MI 
mayores a 0.7 indican una alta probabilidad de cavitación inercial.  Por lo tanto, la 
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La generación de cavitación es considerada como una de las aplicaciones más 
prometedoras del uso de US en biomedicina, dado que puede generar una gran multitud 
de efectos biológicos. Se cree que está implicada en la permeabilización de la 
membrana celular por US (sonoporación),
10
 y puede utilizarse para favorecer la 
penetración de fármacos y nanopartículas.
6
 Sin embargo, la presión necesaria para 
superar el umbral de cavitación in vivo puede ser demasiado grande para poder 
utilizarse de forma segura sin dañar tejidos sanos.
24
 Por ello, la utilización de núcleos de 
cavitación capaces de disminuir el umbral de presión necesario para producir cavitación 
acústica aparece como una opción conveniente para aplicación biomédica.
20
 Entre los 
agentes de cavitación más empleados se pueden destacar las burbujas lipídicas 
micrométricas, que ya se utilizan en clínica como agentes de contraste de US,
22
 las 
gotículas submicrométricas de cambio de fase
25
 y las partículas poliméricas 
submicrométricas con capacidad de estabilización de nanoburbujas de gas.
26,27
 
Por último, cabe mencionar que los efectos térmicos y mecánicos del US, y 
especialmente el fenómeno de cavitación inercial, pueden ser empleados para acelerar o 
inducir reacciones químicas (sonoquímica).
28–33
 La inducción de reacciones químicas en 
presencia de cavitación inercial puede deberse a la generación de especies reactivas de 
oxígeno que inicien una cadena de reacciones posteriores, al calentamiento en la 
nanoescala en las proximidades de burbujas en proceso de implosión, a efectos 
mecánicos como microflujo acústico (también asociado a la cavitación), o a una 
combinación de todos estos efectos. 






 del US pueden emplearse para 
desarrollar diferentes materiales inteligentes, capaces de desencadenar una respuesta al 







 sensibles a US. La presente tesis doctoral se centra en el 
desarrollo de nanopartículas de sílice mesoporosa sensibles a US. A lo largo de la tesis 
se irán describiendo los distintos tipos de dispositivos de US empleados, algunos 
comerciales y otros diseñados, tanto focalizados como no focalizados. La puesta a punto 
de las pruebas de concepto iniciales se llevaron a cabo con un dispositivo comercial de 
laboratorio empleando un transductor no focalizado de 1.3 MHz con una potencia 
máxima de trabajo de 100 W. Posteriormente, la evaluación biológica se realizó con un 
equipo de fisioterapia, no focalizado, de 1 MHz de frecuencia y con una intensidad 
máxima de 3 W/cm
2
. Para los estudios mecanísticos y experimentos de extravasación de 




focalizados en el rango terapéutico (con frecuencias fundamentales de 0.5, 1 ó 1.1 MHz) 
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Las ideas no duran mucho. Hay que hacer algo con ellas. 






La presente tesis doctoral se encuentra dividida en 3 bloques, presentando cada uno de 
ellos sus objetivos principales y secundarios. En líneas generales, los objetivos de esta 
tesis doctoral son: 
1. Desarrollo de nanopartículas de sílice mesoporosa con capacidad de liberación 
de fármacos inducida por ultrasonido. 
- Síntesis y caracterización de una compuerta polimérica sensible a 
ultrasonido. Anclaje de dicha compuerta a la superficie de nanopartículas 
de sílice mesoporosa y caracterización del comportamiento del material 
híbrido. 
- Evaluación del mecanismo por el cual el ultrasonido induce la liberación 
en el material híbrido desarrollado, distinguiendo entre efectos térmicos 
y mecánicos. 
A partir de este punto, la tesis doctoral se centra en conseguir un transporte selectivo de 
nanopartículas de sílice mesoporosa sensibles a ultrasonido por medio de estrategias 
físico-químicas o mediante estrategias de vehiculización celular. 
2. Puesta a punto de estrategias físico-químicas para una conseguir distribución 
selectiva hacia tumores de nanopartículas de sílice mesoporosa sensibles a 
ultrasonido.  
- Modificación del material híbrido obtenido en el objetivo 1 para anclar 
cadenas de polietilenglicol, así como moléculas de vectorización activa 
que induzcan su internalización selectiva en células tumorales.  
- Desarrollo de un nuevo tipo de nanopartículas de sílice mesoporosa 
sensibles a ultrasonido para mejorar su distribución en el tumor 
empleando estrategias de vectorización jerarquizada. 
- Favorecer la extravasación de nanopartículas de sílice mesoporosa 
empleando ultrasonido. Este trabajo se desarrolla en un modelo in vitro 
de agarosa que simula un tejido tumoral. 
 
3. Evaluación de la vehiculización biológica de nanopartículas de sílice 




- Estudio de la introducción de nanopartículas de sílice mesoporosa en 
células madre mesenquimales de placenta y su capacidad migratoria 
hacia tumores in vitro e in vivo. 
- Vehiculización celular hacia tumores de nanopartículas de sílice 
mesoporosa sensibles a ultrasonido (desarrolladas en el objetivo 1), 
utilizando células madre mesenquimales de placenta. 
- Transfección génica de células madre mesenquimales de placenta con 
genes suicidas empleando nanopartículas de sílice mesoporosa sensibles 






The present doctoral thesis is divided in 3 parts, having each one of them some primary 
and secondary objectives. In general terms, the objectives of this thesis are:  
1. Development of mesoporous silica nanoparticles with ultrasound-induced drug 
release capabilities.  
- Synthesis and characterization of an ultrasound-responsive polymeric 
gate. Grafting of that gate on the surface of mesoporous silica 
nanoparticles and characterization of the behavior of the hybrid material.  
- Evaluation of the mechanism by which ultrasound induces the release 
from the hybrid material, distinguishing between thermal and mechanical 
effects.  
Henceforth, the doctoral thesis focuses on achieving selective transport of the 
ultrasound-sensitive mesoporous silica nanoparticles through physicochemical 
strategies or through cellular vehiculization strategies. 
2. Setting up physicochemical strategies to achieve selective distribution towards 
tumors of ultrasound-sensitive mesoporous silica nanoparticles.  
- Modification of the hybrid material obtained in objective 1 to achieve the 
grafting of polyethyleneglycol chains as well as active targeting 
molecules that induce their selective internalization in cancer cells.  
- Development of a new type of ultrasound-responsive mesoporous silica 
nanoparticles to improve their distribution in tumors employing 
hierarchical targeting strategies.  
- Favouring the extravasation of mesoporous silica nanoparticles using 
ultrasound. This work is carried out in an in vitro agarose model that 
mimics a tumor tissue.  
3. Evaluation of biological vehiculization of ultrasound-responsive mesoporous 
silica nanoparticles towards tumors.  
- Study of the introduction of mesoporous silica nanoparticles inside 
placental mesenchymal stem cells and their migratory properties towards 




- Cellular vehiculization towards tumors of ultrasound-responsive 
mesoporous silica nanoparticles (developed on part 1), using placental 
mesenchymal stem cells.  
- Gene transfection of placental mesenchymal stem cells with suicide 









3. RESULTADOS Y 
DISCUSIÓN 
  
Las ciencias aplicadas no existen, sólo las 
aplicaciones de la ciencia. 
Louis Pasteur 
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3. Resultados y Discusión 
  
En este apartado de la tesis doctoral se describen los aspectos metodológicos 
relacionados con la síntesis, caracterización y evaluación de los materiales obtenidos, 
así como los principales resultados y conclusiones de cada trabajo desarrollado.  
El apartado de Resultados y Discusión está dividido en tres bloques, conteniendo 
cada uno de ellos varios capítulos. Cada bloque va además acompañado de una 
introducción del estado del arte a tratar así como una breve discusión integradora de los 
capítulos contenidos en el mismo. Los capítulos incluidos en esta sección se presentan 
en formato de artículo científico en inglés, algunos de ellos publicados en revistas 
internacionales. Los bloques y capítulos contenidos en esta sección son: 
3.1 Desarrollo y evaluación de nanopartículas de sílice mesoporosa con liberación 
sensible a ultrasonido 
3.1.1 Polymer-Grafted Mesoporous Silica Nanoparticles as Ultrasound-
Responsive Drug Carriers 
3.1.2 Mechanistic evaluation of cargo release from Ultrasound-Responsive 
Polymer-Grafted Mesoporous Silica Nanoparticles 
3.2 Estrategias físico-químicas de vectorización de nanopartículas de sílice mesoporosa 
sensibles a ultrasonido 
3.2.1 From Proof-of-concept Material to PEGylated, Modularly Targeted 
Ultrasound-Responsive Mesoporous Silica Nanoparticles. 
3.2.2 Mesoporous Silica Nanoparticles with Ultrasound-Induced Uptake by 
Cancer Cells 
3.2.3 Ultrasound-Mediated Cavitation-Enhanced Extravasation of Mesoporous 
Silica Nanoparticles for Controlled-Release Drug Delivery 
3.3 Vehiculización celular de nanopartículas de sílice mesoporosa sensibles a 
ultrasonido 
3.3.1 Decidua-Derived Mesenchymal Stem Cells as Carriers of Mesoporous 
Silica Nanoparticles. In vitro and In vivo Evaluation on Mammary Tumors 
3.3.2 Vectorization of Ultrasound-Responsive Nanoparticles in Placental 
Mesenchymal Stem Cells for Cancer Therapy 





Bloque 3.1  
Desarrollo y evaluación de 
nanopartículas de sílice mesoporosa con 
liberación sensible a ultrasonido 
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3. Resultados y Discusión 
  
El primer bloque de Resultados y Discusión versa sobre el desarrollo de MSNs con 
capacidad de retener un fármaco en su interior en condiciones fisiológicas, y liberarlo al 
entorno en presencia de un estímulo externo de US. El desarrollo de dichas 
nanopartículas y su evaluación in vitro se encuentran recogidos en un artículo científico 
publicado en la revista ACS Nano (Capítulo 3.1.1).
1
 Posteriormente, se muestra la 
evaluación del mecanismo de apertura de dichas nanopartículas (Capítulo 3.1.2), fruto 
de una estancia de investigación de 3 meses en la Universidad de Oxford, en el grupo de 
investigación BUBBL, dirigido por el Prof. Constantin C. Coussios. 
 Para el desarrollo del nanotransportador estímulo-respuesta, se eligió utilizar una 
compuerta polimérica anclada a las MSNs para obtener un material híbrido sensible a 
US. Como se ha mencionado en el capítulo 1.2, el empleo de compuertas poliméricas 
para obtener materiales de sílice mesoporosa con liberación controlada ha sido 
estudiado ampliamente. Además, presenta varias ventajas sobre otro tipo de estrategias 
para cerrar y abrir las entradas de los poros.
2–5
 En general, la capacidad de obtener un 
bloqueo homogéneo de los poros es mayor empleando una compuerta polimérica, ya 
que es más factible obtener una capa alrededor de todo el contorno de la nanopartícula, 
que utilizando nanopartículas discretas, que van a dejar parte de la superficie sin 
ocupar.
6
 Además, el peso molecular del polímero puede ser modificado para optimizar 
la respuesta del nanosistema.
2
 Los distintos mecanismos por los que un polímero puede 
actuar como compuerta en un material híbrido con MSNs serían: el polímero puede 
separarse de la superficie de la sílice como consecuencia de la ruptura del enlace que los 
unía,
7
 puede destruirse la propia estructura del polímero,
8
 o puede producirse un cambio 
conformacional que permita la salida de la carga.
4
 Esta última aproximación puede ser 
especialmente útil, ya que permite en algunas ocasiones introducir la carga dentro de los 
mesoporos con el polímero ya anclado, aprovechándonos de ese mismo cambio 
conformacional que inducirá la liberación.
4,9
 Para ello, debe ser posible inducir dicho 
cambio conformacional de forma reversible. Esta posibilidad dota al material de gran 
versatilidad, ya que existe la posibilidad de seleccionar el fármaco más adecuado para 
una aplicación concreta y cargarlo sobre el material ya preparado, sin tener que 
sintetizar todo el sistema en cada nueva ocasión.  
 El polímero elegido como compuerta para controlar la liberación en este trabajo 
fue el poli(metoxietoxietilmetacrilato-co-tetrahidropiranilmetacrilato), p(MEO2MA-co-
THPMA). Para la obtención de este polímero se eligió un método de polimerización por 
radicales libres (FRP por sus siglas en inglés).
10
 En este tipo de polimerización, los 
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monómeros y un agente iniciador se mezclan en atmósfera inerte en un disolvente en el 
cual los monómeros, el iniciador y el polímero resultante sean solubles. Para este 
trabajo se seleccionó como iniciador el ácido 4,4'-azobis(4-ciano)valérico, que es capaz 
de generar especies radicales por ruptura homolítica al exponerlo a un aumento de 
temperatura (en torno a 70 ºC en nuestro caso, Esquema 1).
11
 La especie radical 
generada reaccionará con los monómeros, metacrilatos en nuestro caso, dando lugar a 
una cadena que irá creciendo hasta agotar la cantidad de monómeros en el medio de 
reacción (Esquema 1). La presencia de un ácido carboxílico en el iniciador permitirá el 




Esquema 1. Generación de radicales por el iniciador (arriba) y posterior crecimiento de la 
cadena polimérica por FRP (abajo). 
 El polímero elegido es, como se ha mencionado anteriormente, un copolímero 
aleatorio constituido por dos monómeros diferentes: tetrahidropiranilmetacrilato 
(THPMA)
13,14
 y metoxietoxietilmetacrilato (MEO2MA).
15
 Los polímeros compuestos de 
MEO2MA presentan un comportamiento termosensible con una temperatura crítica 
inferior de disolución (LCST por sus siglas en inglés).
16
 Esto quiere decir que son 
solubles en agua a temperatura inferior a su LCST, e insolubles (precipitan) por encima 
de dicha temperatura (Figura 1).
17
 Este comportamiento se debe a la diferente 
contribución de las interacciones del polímero con el medio acuoso y las interacciones 
hidrofóbicas dentro de la propia cadena del polímero, que se vuelven dominantes a 
mayor temperatura, y conducen a la deshidratación de la cadena de polímero y a que 
adopte una conformación globular.
17
 Este cambio de conformación reversible es 
importante ya que nos permitirá cargar de agente terapéutico las nanopartículas híbridas 
simplemente modificando la temperatura del medio, como se verá más adelante. 
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Una característica importante de este tipo de polímeros es que el valor de la 
LCST puede modificarse mediante la adición de comonómeros que modifiquen la 
hidrofilia/lipofilia del polímero en su conjunto.
16
 Así, la adición de monómeros 
hidrofóbicos favorece la precipitación y dará lugar a una disminución de la LCST. Por 
otro lado, la adición de monómeros hidrofílicos tendrá el efecto contrario, aumentando 
la temperatura a la cual se producirá el cambio de conformación. En este sentido, el 
THPMA es un monómero hidrofóbico capaz de romperse cuando es expuesto a US, 
convirtiéndose en ácido metacrílico (MAA, Figura 2A).
13,14
 Este cambio producirá un 
aumento de la hidrofilia del polímero, aumentando su LCST por encima de valores 
fisiológicos (Figura 2B) y conduciendo a un cambio de conformación del polímero, en 
este caso irreversible, causado por la ruptura del monómero THPMA. De este modo, 
tenemos un sistema que cuando está a temperatura fisiológica (37 ºC) está por encima 
de la LCST, pero que cuando aplicamos US (a esa misma temperatura fisiológica) estará 
por debajo de la nueva LCST, con el consiguiente cambio de conformación. 
 
Figura 2. Ruptura del THPMA en el copolímero p(MEO2MA-co-THPMA) al exponerlo a US, 
dando lugar a p(MEO2MA-co-MAA) (A), cambio en la LCST del copolímero al 























3. Resultados y Discusión 
  
 Los polímeros termosensibles con LCST se han empleado con anterioridad para 
obtener materiales híbridos basados en MSNs con liberación controlada.
4,9
 En función 
del método de obtención del material, la compuerta polimérica actuará de forma 
distinta.
19
 Cuando el recubrimiento polimérico se sintetiza desde la propia superficie del 
material (estrategia conocida en inglés como grafting from),
20
 la densidad del 
recubrimiento es mayor, y el polímero actúa como una barrera de difusión cuando las 
cadenas del mismo están extendidas.
21,22
 Así, el material estará "cerrado" por debajo de 
su LCST. Cuando el polímero colapsa (por encima de la LCST) deja huecos por los que 
la carga puede liberarse. Por el contrario, cuando se anclan polímeros termosensibles ya 
preformados a la superficie del material mesoporoso (grafting to),
20
 las cadenas de 
polímero colapsadas actúan a modo de tapón, impidiendo la liberación.
9
 Cuando las 
cadenas de polímero están extendidas, el acceso a los poros no está impedido, pudiendo 
cargar o liberar su contenido. En nuestro material, la segunda estrategia fue elegida, 
empleando el ácido carboxílico presente en el polímero para anclarlo a la superficie de 
la sílice mediante química de conjugación con carbodiimidas. Se seleccionó un 
polímero con una LCST inferior a 37 ºC. Así, el material podrá cargarse con el fármaco 
en frío (4 ºC), para luego tener su compuerta cerrada a temperatura fisiológica. Cuando 
se exponga el material a US, el cambio en la LCST del polímero inducirá un cambio de 
conformación irreversible que provocará la liberación de la carga desde las 
nanopartículas.  
Tal y como se verá en el capítulo 3.1.1, se comprobó que estas nanopartículas no 
son tóxicas y que pueden ser internalizadas por células tumorales de próstata (LNCaP),
8
 
manteniendo su comportamiento sensible a ultrasonido en el citoplasma de las células. 
Las nanopartículas híbridas cargadas con doxorrubicina fueron incubadas con células 
LNCaP, induciendo su muerte solo cuando las nanopartículas habían sido expuestas a 
US. Este trabajo demuestra que nuestras nanopartículas híbridas basadas en 
nanopartículas de sílice mesoporosa pueden ser activadas por un estímulo externo e 
inducir la muerte de células tumorales, lo cual es de gran importancia para aplicación 
futura en liberación de fármacos y terapia oncológica. 
En el capítulo 3.1.2, se llevó a cabo la evaluación detallada del mecanismo por el 
cual el US es capaz de inducir la liberación de la carga desde las nanopartículas. Para 
ello, se estudió la respuesta del material tras ser expuesto a los efectos del US a distintas 
frecuencias y condiciones experimentales, permitiendo analizar de forma independiente 
los efectos térmicos y mecánicos del estímulo sobre las nanopartículas híbridas. Los 
88
3. Resultados y Discusión 
  
resultados mostraron que la presencia de cavitación acústica es necesaria para que se 
induzca la respuesta del material, mientras que los efectos térmicos no fueron ni 
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N
anotechnology has fully trans-
formed the area of drug delivery
thanks to the use of nanocarriers
for therapeutics. The reason behind that
revolution is the potential for addressing
some of the most signiﬁcant restrictions of
conventional medicine, such as poor drug
solubility, inadequate pharmacokinetics and
diverse side eﬀects. Nanoparticles employed
as drug delivery systems have displayed
important beneﬁts such as enhanced accu-
mulation of drug molecules at diseased
tissues and cells, contributing to the reduc-
tion of the systemic toxicity.13
Among all nanoparticles employed in
biomedicine,mesoporous silica nanoparticles
(MSNs) are very attractive nanocarriers for
diagnostic and therapeutic applications.47
MSNs present unique material properties,
such as mechanical and chemical stability,
good biocompatibility, and high loading
capacity. In fact, the excellent textural prop-
erties of mesoporous silica, such as high
surface area, high pore volume and tunable
pore sizes, guarantee a great loading ca-
pacity and eﬃcient encapsulation of an
immense variety of cargo molecules.810
Additionally, their chemical composition
assures the eﬃcient attachment of organic
surface functionalities such as gate keepers
to avoid premature release of the cargo, or
targeting ligands to favor selective localiza-
tion of MSNs toward diseased tissues.
However, it is very diﬃcult to actually
control the release of the drug from the
nanocarriers, which normally relays on the
biodegradation of the nanoparticles in vivo.
One alternative that has been developed in
the past few years is the concept of stimuli-
responsive drug delivery systems, which
allow for tailored release proﬁles with spatial,
temporal and dosage control.7,10,11 Those
stimuli-responsive systems consist of trig-
gering the release of the therapeutic drug
at the diseased site through the use diverse
entities that are sensitive to exogenous
* Address correspondence to
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Received for review July 15, 2015
and accepted October 11, 2015.
Published online
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ABSTRACT A new ultrasound-responsive system based on
mesoporous silica nanoparticles was developed for biomedical applica-
tions, grafting a copolymer on their surface that acts as gatekeeper
of the pores. The nanoparticles can be loaded with a cargo at low
temperature (4 C), taking advantage of the open conformation that
the polymer presents under these conditions. Then, at 37 C the
copolymer collapses closing the pore entrances and allowing the
nanoparticles to carry the drugs at physiological temperature
without premature release, which is of great importance when
dealing with cytotoxic drugs in cancer treatments. Upon ultrasound
irradiation, the sensitive polymer changes its hydrophobicity and,
therefore, its conformation toward coil-like opening the gates and releasing the cargo. These hybrid nanoparticles have been shown to be noncytotoxic and can
be internalized into LNCaP cells retaining their ultrasound-responsive capability in the cytoplasm of the cells. Moreover, doxorubicin-loaded hybrid MSNs were
incubated with LNCaP cells to show their capacity to induce cell death only when the nanoparticles had been exposed to ultrasound. This work demonstrates
that our hybrid-MSNs can be triggered by remote stimuli, which is of capital importance for future applications in drug delivery and cancer therapy.
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stimuli (i.e., temperature, light, magnetic ﬁelds, electric
ﬁelds and ultrasounds) or endogenous stimuli (i.e.,
changes in pH, redox potential, or the concentrations
of enzymes or speciﬁc analytes).1215
Among feasible external stimuli, ultrasounds (US)
represent a unique and exciting method for achieving
spatiotemporal control of the drug release at the
desired site.16 Additionally, US are attractive because
of their noninvasiveness, the absence of ionizing radia-
tions, the cost eﬀectiveness and the easy regulation of
tissue penetration depth by tuning the frequency,
cycles and exposure time. In fact, high-frequency
ultrasound can penetrate deep into the body with
focused beams, which allows local therapy avoiding
adverse side eﬀects to healthy tissues. Moreover, ultra-
sound stimulus itself presents interesting properties
for nanomedicine, as it has been shown to enhance
nanoparticle extravasation through blood capillaries,
increase cell membrane permeation and even induce
an immune response against tumors.17,18
Ultrasound waves can induce thermal and/or me-
chanical eﬀects that could trigger the release of thedrug
from a collection of nanocarriers, such as liposomes,
micelles, microbubbles, etc.16 Moreover, advances in
sonochemistry have shown that ultrasound-induced
chemical reactions can diﬀer from those carried out by
bulk heating, implyingmechanical or thermal eﬀects at
the nanoscale.19 US irradiation can also cleave certain
chemical bonds, the so-called mechanophores.20,21
This strategy can be exploited in the design of respon-
sive nanoparticles with ultrasound-labile moieties.
In this context, 2-tetrahydropyranyl methacrylate
(THPMA) is a hydrophobic monomer bearing a labile
acetal group that can be cleaved by ultrasound to yield
hydrophilic methacrylic acid (MAA).20,22 This strategy,
phase transformation fromhydrophobic to hydrophilic
by US irradiation, could be used to develop a polymeric
gatekeeper on nanoparticles to avoid premature re-
lease of diﬀerent cargos.
Regarding the cargo of diﬀerent molecules in MSNs,
nanogates based on thermosensitive polymers that
exhibit a lower critical solution temperature (LCST), are
a versatile option for this purpose. These polymers are
soluble in aqueous medium at low temperature, but
upon heating, when the system reaches the LCST,
the polymer changes to a hydrophobic state, col-
lapsing and giving rise to a suspension in the same
aqueous medium. This means that by changing the
temperature of the medium, the use of thermosensi-
tive polymers with a LCST allows loading a drug in
MSNs after anchoring the polymer nanogates to their
surface.12,13,23,24 This constitutes a great advantage
over most stimuli-responsive materials, that must be
loaded with the cargo prior to the nanogate grafting.25
The combination of a thermoresponsive polymer,
such as poly(2-(2-methoxyethoxy)ethyl methacrylate),
p(MEO2MA),
26 with an ultrasound-responsivemonomer
(THPMA) would result in a dual-responsive copolymer:
the thermal response allows us to load and retain the
cargo, and the US sensitivity to induce its release
at physiological temperature. The US-responsive char-
acter empowers the thermoresponsive polymer with
the particular property ofmodulating its phase state by
US irradiation at a chosen temperature. Besides, both
components of the designed copolymer (MEO2MA
and THPMA) have been shown to present good bio-
compatibility and interesting properties for biomedical
application.27,28
The mentioned advantages of US irradiation as
extern stimulus motived us to explore a novel smart
drug delivery system. In this work, we have combined
the possibilities of US stimulus together with the great
capabilities ofMSNs to design anUS stimulus-responsive
drug delivery system. Despite the great potential
of this strategy, the use of US in mesoporous silica
remains largely unexplored.29,30 Basically, we have
developed a nanocarrier based on MSNs with nano-
gates that allows the encapsulation and transportation
of drugswith no premature release to speciﬁc locations
in the body where the cargo can be released upon
externally applied ultrasounds (Scheme 1). To achieve
that, we have functionalized MSNs with a copoly-
mer able to open and close the gates of the carrier
pores through a nanogate. Copolymer p(MEO2MA)-co-
THPMA bearing US-cleavable hydrophobic tetrahydro-
pyranyl moieties, presents a LCST below physiological
temperature. At 4 C, the polymer is in its coil-like
conformation, allowing the cargo to be loaded in the
mesopores. When the temperature is increased to
physiological temperature, the copolymer changes to
a collapsed state (insoluble) and the nanogates are
closed retaining the cargo into the pores. Upon US
irradiation, the hydrophobic tetrahydropyranyl moie-
ties are cleaved, leading to an increase of the hydro-
philicity of the polymer and, therefore, an increase of
the LCST over physiological temperature. This induces
a change in conformation of the polymer to coil-like,
opening the gates of the mesopores of the MSNs
and allowing the entrapped cargo to be released
(Scheme 1).
In this work, we propose and demonstrate a new
approach to stimuli-responsive systems by using hybrid
mesoporous silica nanoparticles that allow encapsula-
tion of small molecules of any type that would be
released only upon external US irradiation.
RESULTS AND DISCUSSION
Hybrid-MSN Nanoparticles. Mesoporous silica nanopar-
ticles, MSNs, with a MCM-41 type structure, diameter
of ca. 200 and 2 nm mesopores were synthesized by a
modification of the well-known Stöber method. The
external surface of the MSNs was coated with a copol-
ymer able to open or close the pore entrances under
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of the copolymer properties was the first task to be
completed.
Thedual temperatureultrasound-responsive random
copolymer poly(2-(2-methoxyethoxy) ethyl methacry-
late-co-2-tetrahydropyranyl methacrylate, p(MEO2MA-
co-THPMA), was synthesized by free radical poly-
merization from 2-(2-methoxyethoxy) ethyl methacry-
late, MEO2MA (temperature-responsive monomer) and
2-tetrahydropyranyl methacrylate, THPMA (ultrasound-
responsive monomer).26 Diﬀerent ratios of MEO2MA
and THPMA monomers were evaluated to endow the
copolymer with LCST lower (LCST1) and higher (LCST2)
than 37 C before and after ultrasound irradiation,
respectively (Table S1, Supporting Information). Opti-
mal results were achieved for a MEO2MA:THPMA ratio
of ca. 90:10 (composition estimated by 1H NMR)
synthesized from a 87.5:12.5 molar ratio. Lower con-
tent in US-responsive monomer lead to LCST2 lower
than 37 C, after 10 min of US irradiation. In fact, the
total absence of THPMA in the polymer backbone
resulted into a lack of responsiveness upon US irradia-
tion: the LCST and 1H NMR spectrum of the polymer
were not modiﬁed after US exposure (Figure S1). On
the other hand, for higher THPMA contents, the copo-
lymer was insoluble in aqueous solution even at low
temperature, which means that the copolymer would
be always in a collapsed state closing the gates of the
pores. Consequently, it would not be possible to load
the cargo in this medium even at 4 C. Therefore, 90:10
(MEO2MA:THPMA ratio) was selected for the forthcom-
ing experiments.
The variation of the LSCT of this copolymer as a
function of US irradiation time is collected in Figure 1a
(the frequency and power of the US beam were ﬁxed
at 1.3 MHz and 100 W, respectively). As it can be
observed, applied US time had a terriﬁc inﬂuence on
shifting the LCST of the polymer: the LCST1 of the
as-synthesized copolymer was 26 C, after 3 min of US
irradiation it shifted to 36 C, and after 6 min of US
beam the LCST2 went higher than 45 C. The LCST
increase can be attributed to the cleavage of the
sensitive part of the copolymer, THPMA, through the
tetrahydropyranyl group (Figure 1b).20,22 This cleavage
leads to a change in the composition andhydrophobicity
of the copolymer and, therefore, to a LCST shift to
temperatures above 37 Cmodifying the polymer state
toward an extended conformation. The 1H NMR spec-
trum of the copolymer after US irradiation (Figure S2)
conﬁrms the disappearance of the THP moiety. To
ensure that THPMA cleavage was not due to bulk
heating caused by the US application, a solution of the
selected copolymer was heated to 80 C for 30 min. No
modiﬁcation in the LCST or the 1H NMR spectrum could
be found (Figure S2). Also, the THP group was removed
byacid catalysiswithp-toluenesulfonic acid inmethanol
for 5 h, and the changes in the 1H NMR spectrum were
the same as those found when the monomer THPMA
was cleaved by US application (Figure S2). These experi-
ments prove that the changes observed are unequi-
vocally due to US irradiation. Then, the ultrasound-
induced rise in the LCST makes the tested copolymer
and ratio suitable for the desired application.
Scheme 1. Schematic illustration of the behavior in aqueous medium of dual responsive release system.
Figure 1. (a) Lower critical solution temperature (LCST) of
p(90MEO2MA-10THPMA) after diﬀerent periods of time of
ultrasound irradiation (1.3MHzand100W). (b) Hydrolysis of
dual-responsive p(MEO2MA-THPMA) into p(MEO2MA-MAA)
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Once both components of our system, nanocarrier
and polymeric nanogates, were produced and opti-
mized, the next step was joining them together. This
procedure, described in Scheme 2, was based on
functionalizing the copolymer (MEO2MA-co-THPMA)
with an alkoxysilane (3-aminopropyl triethoxysilane)
through DCC-NHS chemistry to form a sililated poly-
mer, to then graft it to the silica nanoparticles surface
through silanol chemistry. The ratio of polymer:nano-
particles together with the coupling reaction condi-
tions were explored to obtain the best possible
responsive system. Basically, the amount of grafted
copolymer had to be optimized to eﬀectively block
the pore entrances of the nanoparticles to avoid any
possible premature release. To evaluate that, the
already functionalized nanoparticles with diﬀerent
amounts of polymer, hybrid-MSNs from now on, were
loaded with ﬂuorescein at 4 C (extended polymer
conformation and open pore entrances) and then
temperature was increased up to 37 C, so the polymer
collapsed closing the pore entrances with the dye
molecules adsorbed into the mesopores. Then the
percentage of dye released in PBS at 37 C in all the
evaluated compositions (Table S2) was measured with
a ﬂuorimeter after 24 h of incubation. When the
sililated polymer was added in one step to the nano-
particles suspension in a 4:1 ratio (polymer:nano-
particles), the maximum amount of organic matter
present in the inorganic nanocarriers measured by
thermogravimetric analysis was ca. 21%. However,
the amount of ﬂuorescein released after 24 h at 37 C
was ca. 56%, which means that half of the cargo was
being prematurely released without any triggering
event, so the copolymer chains were not perfectly
closing the gates of the pores. Although increasing
the polymer amount might seem as the straightfor-
ward solution for properly blocking the pore entrances,
we found that 6:1 ratio resulted into even lower
functionalization eﬃciency (ca. 15% of organicmatter).
We hypothesized that high concentration of sililated
polymers into the reaction environment could lead to
self-condensation rather than condensation with the
nanoparticles surface. Consequently, we tested the
same ratio, 6:1, but adding the sililated polymer in
3 steps rather than in 1 step, so the polymer concen-
tration was kept low at all times and, therefore, avoid-
ing self-condensation. That approach produced good
enough results with ca. 30% of organicmatter and only
26% of ﬂuorescein released at 37 C after 24 h.
The successful grafting of copolymer to mesopo-
rous silica nanoparticles to form hybrid-MSNs was con-
ﬁrmed by diﬀerent characterization techniques (see
details in Supporting Information, Figure S3). In this
sense, the presence of the typical vibrations bands of
silica (between 490 and 1090 cm1) together with
those bands from the polymer (between 1400 and
1800 cm1) in the FTIR spectra conﬁrmed the functio-
nalization process (Figure S3a). The low-angle XRD
pattern of MSNs shows the characteristic ordered
MCM-41 type mesostructured with 2D hexagonal
(p6m) symmetry (Figure S3b). Similar maxima were
observed in hybrid-MSNs, which means that the or-
dered mesostructured of the particles survived the
functionalization process. MSNs showed the character-
istic zeta potential of 21 mV at pH = 7, which was
shifted to31.6 mV after copolymer grafting. Thermo-
gravimetry experiments also conﬁrmed the presence of
organicmatter in hybrid-MSNs, as expected (Figure S3c).
Nitrogen adsorption experiments conﬁrmed the size of
the mesopores (ca. 2.5 nm) and also conﬁrmed the
successful grafting of the polymer chains thanks to the
reduction of the surface area, from 935 m2/g in MSNs
to 171 m2/g in hybrid-MSNs (Figure S3d). These data
suggest that the external surface of the particles was
Scheme 2. Preparation of p(MEO2MA-co-THPMA)-SiO2 nanoparticles (Hybrid-MSNs):APTES conjugation to p(MEO2MA-co-
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covered with the copolymer blocking the mesopores
entrances.
Themorphology and size ofMSNs and hybrid-MSNs
are very similar, as can be seen in Figure 2. The
spherical morphology of MSNs remained after the
functionalization process as it can be observed in the
SEM micrographs. The mean size was determined by
dynamic light scattering (DLS), and found to be 220 nm
(MSNs) and 252 nm (hybrid-MSNs). In both cases, well-
ordered mesoporous silica particles can be appreciated
in the correspondingTEMmicrographs. Table 1 resumes
someof themost important nanoparticle characteristics
before and after functionalizationwith theUS-sensitive
copolymer.
Finally and since these nanoparticles will be used in
a biological application, their degradation in PBS solu-
tion over time was evaluated (Figure S4). After 8 days
under physiological conditions, the mesostructure and
morphology of the hybrid-MSNs remained almost un-
aﬀected, while MSNs started to degrade after 5 days of
experiment. In this sense, hybrid-MSNs showed slower
degradation rate thannakedMSNs. This observation is in
agreementwith other results reported in the literature.31
In Vial Cargo Release Experiments. Asmentioned above,
one of the great advantages of thermoresponsive
systems like the one here proposed relays on the
loading process. Conventionally, functionalized MSNs
must adsorb the cargo into the mesopores simulta-
neously to the grafting process, which leads to poor
loading and functionalization yields and efficiency.
However, our system allows opening the nanogates
at 4 C after the functionalization process has been
completed, loading the cargo, and then, closing the
pore entrances just increasing the temperature to 37 C.
Fluorescein was used as a model molecule to eval-
uate the ultrasound-responsiveness of the copolymer-
grafted MSNs. Hybrid-MSNs were dispersed into a
solution of 20 mg/mL of ﬂuorescein dissolved in PBS at
4 C for 24 h. This temperature is lower than the LCST1,
so the copolymer p(MEO2MA-co-THPMA) shows a
hydrophilic behavior with a coil-like conformation,
which allows ﬂuorescein molecules to be introduced
into the pores of the nanocarrier. After this time, the
bath temperature was increased at 37 C (temperature
higher than the LCST1), so the copolymer shows a
hydrophobic behavior with a collapsed state, which
blockes the outlets of the pores and impedes the
release of ﬂuorescein (see details in Materials and
Methods section). The successful loading of cargo
molecules inside the mesopores of the hybrid-MSNs
was veriﬁed by the decrease in pore volume by Nitro-
gen adsorption porosimetry (data not shown).
Figure 3 shows the release proﬁles of US irradiated
hybrid-MSNs and nonirradiated nanoparticles (control),
in which a great diﬀerence on cargo release can be
observed. At 37 C (T > LCST1) the copolymer chains
are collapsed, blocking the entrances of pores. As it has
been showed above (Figure 1b), the application of
ultrasounds induces the hydrolysis of THPMA groups
present in the copolymer resulting onto hydrophilic
methacrylic acid, MAA groups. This polarity change
provokes the opening of the gates of the mesoporous
channels resulting in a release of ﬂuorescein to the
medium. These data conﬁrm that these hybrid-MSNs
proposed can act as an eﬀective system for US stimuli-
responsive drug delivery.
Fluorescein release data showed in Figure 3 can be
ﬁtted to a ﬁrst-order kinetic model with an empirical
nonideality factor (δ) (eq 1).32
Y ¼ A(1  ekt)δ (1)
Figure 2. From left to right: SEM images, TEM micrographs
and size distribution (measured by DLS) of MSNs (top) and
hybrid-MSNs (bottom).
TABLE 1. Main Features Corresponding to MSNs and
Hybrid-MSNs
sample MSNs hybrid-MSNs
Z potential 21.1 mV 31.6 mV
BET surface area 935 m2/g 171 m2/g
size mean (DLS) 220 nm 252 nm
organic matter (TGA) 5.1% 30.5%
Figure 3. Release proﬁles of ﬂuorescein from hybrid-MSNs
in PBS solution versus time with US exposure (10 min and
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being Y the percentage of ﬂuorescein released at time
t, A the maximum amount of ﬂuorescein released
(in percentage), and k, the release rate constant. The
values for δ are comprised between 1 for materials that
follow ﬁrst-order kinetics, and 0, for materials that
release the loaded drug in the very initial time of
analysis. The parameters of the kinetic ﬁtting, shown
in Figure 3 and Table S2, indicate that, while the
maximum amount of ﬂuorescein released is practically
the totality of the loaded dye after US application, most
of the cargo is retained without the stimulus. Also, the
value of δ is much lower for the kinetic ﬁtting of cargo
release after ultrasound exposure (0.34 vs 0.92)which is
indicative of a burst release of ﬂuorescein at very short
times after the stimulus is applied. That is, the system
shows a fast response to the external stimulus,
promptly releasing its cargo.
To ensure that the cargo release after US exposure is
due to themechanism above proposed and notmerely
because some mechanical/thermal eﬀects caused by
the US waves, similar release experiments were carried
out with MSNs functionalized only with the tempera-
ture responsive polymer (MEO2MA). Theoretically, that
polymer should not be sensitive to US, so if there is any
cargo release that should had to be caused by some
mechanical or thermal eﬀects from the US radiation.
Certainly, most of the cargo in the MEO2MA-MSNs
was retained after US radiation, since similar release
patterns are observed with and without US stimulus
(Figure S5), which validates the release mechanism
above proposed. Additionally, when those studies
were carried out with MSNs with no polymeric nano-
gates (Figure S5), the release patterns were very similar
to those of US-irradiated hybrid-MSNs (Figure 3), which
conﬁrms that the latter is behavingwith totally opened
gates.
When developing stimuli-responsive nanocarriers,
it is very important that they could eﬃciently respond
to the stimuli independently of the type of cargo
molecules transported. The versatility of our nanocarrier
system was evaluated using a ﬂuorescent ruthenium
complex [Ru(bipy)3]
2þ, which was loaded and released
from the p(MEO2MA-co-THPMA)-graftedMSNs. Figure 4
shows the release patterns with and without US irra-
diation, which are in total agreement with those
obtained with ﬂuorescein; a good response of the
material to the external stimuli, with higher amount
of dye released upon US exposure compared to the
amount released without stimulus. However, a tiny
diﬀerence might be found in both release patterns,
with a slightly slower release in the case of ruthenium
complex. The negatively charged surface of the silica
walls might interact with the positively charged com-
plex, slowing down the release. This would be in
agreement with the smaller burst eﬀect estimated in
theδ value, close to 1, in the kinetic ﬁtting of ruthenium
complex release, whichmeans that the porewall-cargo
molecule interaction is slowing down the release
kinetics. However, the diﬀerence between the release
from the control (no US) and the US-irradiated nano-
particles is still very signiﬁcative (Figure 4), which
conﬁrms that our versatile responsive system can work
eﬃciently independently of the type of cargo trans-
ported.
In Vitro Biological Evaluation. Finally, to evaluate the
biological compatibility of our hybrid-MSNs system,
nanoparticles were incubated with tumor cells (LNCaP
cells, from human prostate adenocarcinoma) for 2 h.
The media were changed with fresh media and the
cells were incubated overnight before measuring cell
viability. In order to check that byproducts from US
exposure (like THP-ol) were not cytotoxic either,
hybrid-MSNs that had been exposed to 10 min US
irradiation (1.3MHz and 100W)were also culturedwith
LNCaP cells under the same conditions. The hybrid-
MSNs (with or without exposure to ultrasound) in-
duced no toxicity at least up to 500 μg/mL in LNCaP
cells as measured by MTS reduction assay (Figure 5).
Regarding the future application in living organ-
isms of our hybrid system, a diﬀerent US set up was
investigated. In this sense, in vitro experiments were
performed using a commercial US apparatus fre-
quently used for physical therapy in humans, working
at 1 MHz and 15W. First, we checked the displacement
of the LCST of the p(MEO2MA-co-THPMA) after 5 min
US irradiation using this equipment (Figure S6a). Also,
we proved that under these US conditions no damage
was produced in relevant biological molecules. Using
catalase as a proteinmodel, we did not ﬁnd any change
in the enzymatic activity after US application under
the same conditions (catalase enzymatic activity was
determined as described elsewhere12) (Figure S6b).
After this test, the release of a cargo after internaliza-
tion of the hybrid-MSNs in cells was studied. Rhoda-
mine B-labeledMSNswith ﬂuorescein loaded into their
mesopores were incubatedwith the same LNCaP tumor
cells and ﬂuorescence microscopy was performed to
Figure 4. Release proﬁles of [Ru(bipy)3]
2þ from hybrid-
MSNs in PBS solution versus time with US exposure (10 min
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check the localization of green and red ﬂuorescence
(Figure 6). Before ultrasound exposure, green (from
ﬂuorescein loaded) and red (from rhodamine labeled)
ﬂuorescence match perfectly, which conﬁrms that
ﬂuorescein is entrapped inside the polymer-grafted
MSNs thanks to the closed polymer nanogates. Also,
the perinuclear location of the nanoparticles seems to
indicate that the hybrid-MSNs have been uptaken by
the cells. After 5 min US irradiation of the cells with the
equipment used in physical therapy, a signiﬁcant part
of ﬂuorescein diﬀuses out of thematerial and stains the
cell cytoplasm (ﬂuorescence microscopy images taken
30min after the US exposure was perfomed). Unequiv-
ocally, the green cytoplasm means that the nanogates
of the pores were opened as a consequence of the
US waves releasing the ﬂuorescein loaded into the
mesopores of the nanoparticles. This proves that our
material retains its ultrasound-responsive capability
even after being internalized in LNCaP cells.
Finally, to test the feasibility to use this material for
future anticancer therapy, doxorubicin-loaded hybrid-
MSNs were also cultured with LNCap cells under
the same conditions as those used for the cytotox-
icity study with unloaded-hybrid-MSNs (Figure 7). The
results show that, while no toxicity was observed with
nanoparticles not exposed to US, signiﬁcant decrease in
cell viability was observed at the three concentrations
tested (10, 50, and 100 μg/mL) when the nanoparticles
had been exposed to US (Figure 7a). Moreover, ﬂuo-
rescence microscopy images show that doxorubicin
ﬂuorescence was localized in the perinuclear region in
the samples without stimulus (Figure 7b). On the other
hand, doxorubicin ﬂuorescence stained the cytoplasm
of the cells with US stimulus (Figure 7c), indicating that
the drug is being released from the nanoparticles only
in that case.
CONCLUSIONS
In this work, we have successfully designed and
prepared a new stimuli-responsive system that uses
mesoporous silica nanoparticles as carriers and poly-
mers as nanogates sensitive to ultrasounds. The
combination of the advantageous structural properties
of mesoporous silica particles with an ultrasound-
responsive gatekeeper provides an eﬃcient strategy
for the preparation of stable and safe drug delivery
system. US responsive copolymer with a LCST below
37 C was successfully grafted to the surface of meso-
porous silica nanoparticles to close the pore entrance
avoiding premature release of the loaded cargo. Upon
US irradiation, the hydrophobic tetrahydropyranyl
groups in the polymer backbone were cleaved leading
to hydrophilic methacrylate and increasing the LCST
over 37 C. Consequently, the copolymer changed
its phase state at physiological temperature and the
Figure 6. Fluorescencemicroscopy images of LNCaP cells incubatedwith Rhodamine B-labeled hybrid-MSNswith ﬂuorescein
loaded before (top) and after (bottom) ultrasound irradiation. From left to right: Blue ﬂuorescence (nuclei) and transmission
images, red ﬂuorescence (Hybrid-MSNs), green ﬂuorescence (ﬂuorescein cargo), overlay images of the three ﬂuorescence
channels (ﬂuorescence microscopy images taken 30 min after the US exposure was perfomed).
Figure 5. Cytotoxicity assay measured by MTS reduction in
LNCaP cells with diﬀerent concentrations of hybrid-MSNs
(blue) without US exposure and (red) with US exposure





PARIS ET AL. VOL. 9 ’ NO. 11 ’ 11023–11033 ’ 2015
www.acsnano.org
11030
loaded molecules were released from the nanocarriers
uponUS irradiation. These hybrid nanoparticles are not
cytotoxic and can also be endocyted by LNCaP cells
retaining their ultrasound-responsible capabilitybecause
they can release the cargo inside the cells upon US
irradiation. Moreover, when loaded with doxorubicin,
the hybrid-mesoporous silica nanoparticles only induced
cell death when they had been exposed to ultrasound.
MATERIALS AND METHODS
Materials. Following compounds were purchased from
Sigma-Aldrich Inc.: Aminopropyltriethoxysilane (APTES), ammo-
nium nitrate, cetyltrimethylammonium bromide (CTAB), tetra-
ethyl orthosilicate (TEOS), rhodamine B isothiocyanate (RBITC),
methacrylic acid (MAA), pyridine, p-toluenesulfonic acid,
toluene, dichloromethane (DCM), dihydropyran, dimethyl-
formamide (DMF), 2-(2-methoxyethoxy) ethyl methacrylate
(MEO2MA), 4,40-Azobis(4-cyanovaleric acid) (ABCVA), diethyl
ether, N,N0-dicyclohexylcarbodiimide (DCC), N-hydroxysuccini-
mide (NHS), catalase, phosphate-buffered solution (PBS), fluo-
rescein sodium salt and [Ru(bipy)3]Cl2. These compounds were
used without further purification.
Characterization Techniques. The materials were analyzed by
X-ray diffraction (XRD) in a Philips X-Pert MPD diffractometer
equipped with Cu KR radiation. Thermogravimetry and differ-
ential temperature analyses (TGA/DTA) were performed in a
PerkinElmer Pyris Diamond TG/DTA analyzer, with 5 C/min
heating ramps, from room temperature to 600 C. Fourier
transform infrared (FTIR) spectra were obtained in a Nicolet
(Thermo Fisher Scientific) Nexus spectrometer equipped with a
Smart Golden Gate ATR accessory. Surface morphology was
analyzed by scanning electronmicroscopy (SEM) in a JEOL 6400
Electron microscope. Transmission electron microscopy (TEM)
was carried out with a JEOL JEM 2100 instrument operated
at 200 kV, equipped with a CCD camera (KeenView Camera).
N2 adsorption was carried out on a Micromeritics ASAP 2010
instrument; surface area was obtained by applying the BET
method to the isotherm and the pore size distribution was
determined by the BJH method from the desorption branch of
the isotherm. Themesopore diameter was determined from the
maximum of the pore size distribution curve. The zeta potential
and hydrodynamic size of nanoparticles were measured by
means of a Zetasizer Nano ZS (Malvern Instruments) equipped
with a 633 nm “red” laser. 1H NMR experiments were carried out
in a Bruker AV 250 MHz apparatus. To determine the molecular
weight distribution of the copolymers, Gel permeation chro-
matography (GPC) was performed in a Waters Alliance auto-
matic analysis system with a Model #2695 separations module
coupled to a Model #2414 Refractive Index Detector. GPC
measurements were carried out using polyethylene (Glycol/
Oxide) standards and DMF with LiCl 10 mM as the eluent.
Fluorescence spectrometry was used to determine cargo re-
lease by means of a Biotek Synergy 4 device. Fluorescence
microscopywas performedwith an Evos FL Cell Imaging System
equipped with tree Led Lights Cubes (lEX (nm); lEM (nm)): DAPY
(357/44; 447/60), GFP (470/22; 525/50), RFP (531/40; 593/40)
from AMG (Advance Microscopy Group).
Synthesis of Mesoporous Silica Nanoparticles (MSNs). Mesoporous
silica nanoparticles, MSNs, were synthesized by the modified
Stöbermethod from TEOS in the presence of CTAB, as structure-
directing agent: 1 g of CTAB, 480 mL of H2O (Milli-Q) and 3.5 mL
of NaOH (2 M) were added to a 1000 mL round-bottom flask.
The mixture was heated to 80 C and stirred at 600 rpm. Then,
5 mL of TEOS were added dropwise at 0.25 mL/min rate with a
pump. The white suspension obtained was magnetically stirred
for further 2h at 80 C. Then, the reaction mixture was centri-
fuged and washed with water and ethanol. Finally, the surfac-
tant was removed by ionic exchange using a solution of
amonium nitrate (10 mg/mL) in ethanol (95%) at 70 C over-
night under magnetic stirring. The nanoparticles were collected
by centrifugation, washed with ethanol three times and dried
under a vacuum overnight.
Rhodamine B-labeled nanoparticles were synthesized by
reacting 1mgof Rhodamine-B isothiocyanate with 2.2 μL APTES
in 100 μL ethanol for 2h. Then the reaction mixture was added
with the 5 mL of TEOS as previously described.
Synthesis and Characterization of Ultrasound-Responsive Monomer,
Tetrahydropyranyl Methacrylate (THPMA). THPMA was synthesized
following a previously described method.33 Briefly, methacrylic
acid (8 g), pyridine (0.3 mL), and p-toluenesulfonic acid (0.7 g)
Figure 7. (a) Cytotoxicity assay measured by MTS reduction in LNCaP cells with diﬀerent concentrations of doxorubicin-
loaded hybrid-MSNs (blue) without US exposure and (red) with US exposure (10 min and 1.3 MHz, 100 W). (b) Fluo-
rescence microscopy images of LNCaP cells incubated with doxorubicin-loaded hybrid-MSNs (showing doxorubicin
ﬂuorescence) without US and (c) with US irradiation. (Fluorescence microscopy images taken 24 h after the US exposure
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were dissolved in 80 mL of dichloromethane (Figure S7a).
Dihydropyran (0.162 mol) was slowly added at room tempera-
ture. After stirring overnight, the solution was filtered by a short
silica column. The solution was extracted by water and brine
three times. Finally, the solventwas removed under a vacuum to
yield THPMA. The obtained product was characterized by 1H
NMR (Figure S7b).
Synthesis and Characterization of the Temperature and Ultrasound-
Responsive Copolymer p(MEO2MA-co-THPMA). The copolymer, poly-
(2-(2methoxyethoxy)ethyl methacrylate-co-2-tetrahydropyra-
nyl methacrylate), p(MEO2MA-co-THPMA), was synthesized
by free radical polymerization from MEO2MA (temperature-
responsive monomer) and THPMA (ultrasound-responsive
monomer) (Figure S8a). Briefly, MEO2MA and THPMA at differ-
ent molar ratios (0.01 mol in total) were placed in a seal vial and
purged with nitrogen. Sixteen mL of DMF were added under
inert atmosphere and the solution was placed at 80 C under
magnetic stirring. 1 mL of DMF with 0.003 mmol of initiator
(ABCVA) was added. The reaction was carried out overnight.
Then, the polymer was precipitated in cold diethyl ether,
separated by centrifugation and washed 3 times with diethyl
ether followed by evaporation of the solvent. The polymer
was characterized by 1H NMR (Figure S8b), FTIR spectroscopy
(Figure S3) and GPC. The obtained copolymer has a number-
average molecular weight, determined by GPC, of 27094 Da
with a polydispersity of 1.83.
In order to check the changes in the polymer structure after
US exposure, the aqueous solutions of the polymers after the
application of the stimulus were freeze-dried. Then, the poly-
mers were washed with diethyl ether and, after the evaporation
of the ether, they were dissolved in CDCl3 and
1H NMR spectra
were acquired.
Preparation of Polymer Grafted MSN Nanoparticles. 0.3 g of car-
boxylic acid-terminated poly(MEO2MA-co-THPMA), 11 mg of
DCC and 6 mg of NHS were added to a glass vial. The vial was
purged with nitrogen and 2 mL of DMF were added. Then,
under N2 atmosphere and with magnetic stirring, DMF (1 mL)
with 8 μL of APTES were added. The solution was stirred
overnight (Solution 1, sililated copolymer solution). Then,
1 mL of Solution 1 was added dropwise to 20 mL of toluene
containing 50 mg of MSNs under vigorous stirring. The reaction
medium was heated under reflux. After 4 h, another mL of
Solution 1was added. Four h later, the remaining Solution 1was
added. The reaction was left under vigorous stirring for 24 h.
Then, the hybrid MSNs were collected by centrifugation and
washed with toluene, DMF (twice), cold water (twice) and
ethanol. Afterward, the nanoparticles were dried under a
vacuum for 16 h (Scheme 2).
Determination of Phase Transition Temperatures (LCST). The LCST
was determined by Dynamic Light Scattering (DLS) by means
of the drastic change in the scattering intensity obtained by
the precipitation of the polymer at the LCST (determined as the
temperature at which the scattering intensity is 50% of the
maximum). Measurement of the LCST was performed using a
Zetasizer Nano ZS (Malvern Instruments) equipped with a
633 nm “red” laser. To determine the transition temperature,
the temperature dependence of the scattering intensity at 90
from 1 mL of solution in a glass cuvette was measured. The
temperature was increased by discrete temperature increments
in the range 1045 C, and the readings were taken after 2 min
equilibration at each temperature.
Nanoparticles Degradation Studies. In order to study nanoparti-
cle degradation in PBS, several aliquots of 1 mg of MSNs
or hybrid-MSNs were dispersed in 1 mL of PBS each (10 mM
pH= 7.4) in Eppendorf tubes. Every 24 h, the nanoparticles were
centrifuged and redispersed in fresh PBS. At 5, 8, and 12 days,
some of the samples were washed with deionized water and
observed by transmission electron microscopy.
Cargo Loading and Release. Cargo Loading. Twenty mg of
nanoparticles were placed in a glass vial with a septum and
dried at 80 Cunder a vacuum for 24h. Then, the vialwasplaced at
4 Cwithmagnetic stirring and 5mL of cargo solution (20mg/mL,
fluorescein or Ru(bipy)3
2þ in PBS) were added and the suspen-
sion was stirred at 4 C for 24 h. After that time, the sample was
filtered andwashed two times with previously hot PBS (50 C) in
order to remove the cargo absorbed on the external surface.
Finally, the products were dried under a vacuum at 25 C.
Cargo Release. Ninemgof cargo-loaded nanoparticles were
suspended in 1.8 mL of fresh PBS pH 7.4 (10 mM). Then, 0.5 mL
of nanoparticles suspension were placed on a Transwell perme-
able support with 0.4 μmof polycarbonatemembrane (3 replicas
were performed). The well was filled with 1.5 mL of PBS pH 7.4
(10 mM) and the suspension was stirred at 37 C and 100 rpm
during all the experiment. To study theUS responsiveness of the
cargo-loaded nanoparticles, the particles suspension was sub-
jected to US exposure (10 min at 1.3 MHz and 100 W) before to
place the 0.5 mL on a Transwell. At every time point studied, the
solution outside the transwell insert was replaced with fresh
medium and the amount of cargo released was determined by
fluorescence spectrometry (Fluorescein: λexc 490, λem 514 nm;
Ru(bipy)3
2þ: λexc 454, λem 593 nm).
Cytotoxicity Assays and Intracelular Fluorescein Release. LNCaP cells
were plated 24 h before the start of the experiment in 12 well
plates at a density of 104 cells per cm2. The cytotoxicity of
hybrid-MSNs was evaluated using the standard MTS assay
protocol using a commercial assay and following the manufac-
turer protocol (CellTiter Aqueous One Solution Cell Proliferation
Assay). Briefly, LNCaP cells were incubated with various con-
centrations of hybrid-MSNs for 2 h (n = 3). To study the toxicity
induced by US-exposed hybrid-MSNs, the nanoparticles were
exposed to ultrasound as described for the in vial cargo released
studies before incubating them with the cells. The cells were
then cultured for another 24 h. The medium was then replaced
with 600 μL culture medium including MTS, and the incubation
proceeded for 3 h. The medium was then removed, and its
absorption at 490 nm was measured using a microplate reader.
The same procedure was used to determine the cytotoxicity of
doxorubicin-loaded MSNs. In this case, before measuring cell
viability, the culture media was replaced with fresh media and
fluorescence microscopy images were taken to determine the
location of doxorubicin in the cells.
For the in vitro intracellular release experiments, rhodamine
B-labeled hybrid-MSNs with ﬂuorescein loaded were used.
LNCaP cells were incubated with the nanoparticles for 2h in
serum-free culture medium. Then, the medium was withdrawn
and cells were washed with PBS three times. Cells were ﬁxed
with isopropanol for 2 min and stained with DAPI. Fluorescence
microscopy images were taken to evaluate cargo localization
before and after US exposure (5 min at 1 MHz and 15 W). Red
channel was used to locate nanoparticles, green for cargo and
blue for cell nucleus.
Ultrasonic Experiments. All the US experiments, except those
relatedwith the intracellular release studies, were performed in a
commercial ultrasound apparatus, which generates an ultra-
sound beam of adjustable power (up to 100 W) at a frequency
of 1.3 MHz. In the experiments, a power of 100 W was used. The
tube reactor, a cylindrical glass vial (4.5 1 cm)with a latex cover,
containing 1.5mL of the polymer solution (5mg/mL) or 1.8mL of
nanoparticles suspension (5 mg/mL) was immersed in a water
tank (Figure S9a). The tube was positioned at the center of the
ultrasound beamand at 3 cm of the acoustic lens transducer. The
US beam can penetrate through the latex cover and act on the
solution placed in the tube reactor. After the ultrasound irradia-
tion, the tube reactor was removed from the tank and used.
In order to study if the US beam can penetrate trough the
cells ant acts over loaded nanoparticles releasing the cargo,
in vitro intracellular cargo release experiments, a commercial
ultrasound apparatus for application in physical therapy was
used (Pagani Sonoquartz Evo). The parameters selected were
1 MHz, 15 W, continuous application, 5 min. Ultrasounds were
applied from the top of a ﬁlled culture well through a latex
membrane (ultrasound transmission gel was placed between
the transducer and the latex membrane) (Figure S9b).
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Temperature responsive monomer:US responsive monomer
(MEO2MA:THPMA) ratios tested for the dual p(MEO2MA-
co-THPMA) synthesis (Table S1), experimental conditions
for the copolymer grafting to silica nanoparticles (Table S2)
and cargo release kinetic parameters (Table S3). LSCT and
1H NMR spectra of the p(MEO2MA) before and after US
(Figure S1), 1H NMR spectra of p(MEO2MA-co-THPMA) with
diﬀerent treatments and LCST before and after heating at
80 C for 30 min (Figure S2), XRD, FTIR TGA and Nitrogen
adsorption/desorption corresponding to MSNs and hybrid-
MSNs (Figure S3), TEM micrographs of MSNs and hybrid-
MSNs suspended inPBS for diﬀerent periodsof time (Figure S4),
release experiments corresponding to MSNs and p(MEO2MA)-
MSNs (Figure S5), LCST of p(MEO2MA-co-THPMA) and Catalase
enzymatic activity before and after US exposure with a US
physical therapy apparatus (Figure S6), synthesis schemeand
1H NMR characterization of ultrasound monomer (THPMA)
(Figure S7) and copolymer poly(MEO2MA-co-THPMA)
(Figure S8), schematic representation of the two ultrasound
systems used in this work (Figure S9). (PDF)
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Polymer-Grafted Mesoporous Silica 
Nanoparticles as Ultrasound-
Responsive Drug Carriers 
 








100:0 100:0 Not US-responsive 
90:10 93.5:6.5 LCST2<37ºC 
87.5:12.5 90.9:9.1 Suitable 
75:25 77.5:22.5 
Not soluble in aqueous 
solution 
50:50 60.2:39.8 
Not soluble in aqueous 
solution 
Table S1. Temperature responsive monomer: US responsive monomer (MEO2MA:THPMA) 









% Fluorescein released at 
24h at 37ºC 
1 step addition 2:1 18.38 648.3 65.38 
1 step addition 4:1 20.61 183.2 55.67 
1 step addition 6:1 14.89 714.4 81.81 
3 steps addition 6:1 30.45 170.86 26.57 
Table S2. Experimental conditions for the preparation of polymer grafted MSN nanoparticles 
Cargo Conditions A (%) K (h-1) δ R2 
Fluorescein Without Ultrasound 29 ± 1 0.09 ± 0.02 0.92 ± 0.05 0.997 
With Ultrasound 93 ± 2 0.13 ± 0.03 0.34 ± 0.04 0.988 
[Ru(bipy)3]
2+ Without Ultrasound 25.8 ± 0.2  0.42 ± 0.03  1.10 ± 0.05 0.998 
With Ultrasound 98.7 ± 0.7 0.20 ± 0.01 1.2 ± 0.1 0.999  
Table S3. Kinetic parameters corresponding to the different cargos released from the hybrid-MSNs before 
and after US irradiation. 
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Figure S1. (a) Lower Critical Solution Temperature corresponding to 
p(MEO2MA) before and after US exposure. (b) 
1H NMR spectra of 
p(MEO2MA) before and after US exposure (in CDCl3) 
Before US 





























10 min US 
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Figure S2. (a) 1H NMR (in CDCl3)  spectra of p(MEO2MA-co-THPMA) 
(from bottom to top) before and after several treatments: 80ºC 30 min; THP 
deprotection with p-toluensulfonic acid in methanol for 5 h; US-exposure 
for 10 min, 1.3 MHZ, 100 W, (b) LCST of p(MEO2MA-co-THPMA) before 
and after treatment at 80ºC for 30 min (polymer in water at a concentration 
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Figure S4. TEM micrographs of MSNs and hybrid-MSNs after dispersion in PBS for 
different periods of time. 
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Figure S5. Release profiles of fluorescein from MSNs  and 
p(MEO2MA)-MSNs in PBS solution versus time with and 
without US exposure 
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Figure S6. (a) LCST of p(MEO2MA-co-THPMA) before and after US treatment 
(5 min, 1 MHz, 15 W), (b) Catalase enzimatic activity before and after US 
































































































Figure S7. Synthesis scheme (a) and 1H-NMR characterization of ultrasound monomer (THPMA) 
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3.1.2 Mechanistic evaluation of cargo 
release from Ultrasound-Responsive 






















3. Results and Discussion 
  
Mechanistic evaluation of cargo release from Ultrasound-Responsive 
Polymer-Grafted Mesoporous Silica Nanoparticles  
In previous work we have successfully developed an ultrasound (US)-responsive hybrid 
material for drug delivery purposes by grafting a polymeric gate on the surface of 
Mesoporous Silica Nanoparticles (MSN).
1
 That material had the ability of retaining the 
cargo within its mesoporosity under physiological conditions, releasing it only upon US 
exposure.  
US is a versatile external stimulus that can penetrate deep into the human body 
in a non-invasive manner.
2
 US can be used for many applications in biomedicine, either 
due to its thermal or mechanical bioeffects.
2
  
The objective of the present work is to determine the main mechanism driving 
the cargo release from our previously reported hybrid nanoparticles by employing 
different US experimental configurations. In particular, the thermal effects were studied 
by measuring sample bulk heating through a thermocouple. On the other hand, the main 
mechanical effect evaluated was the presence of inertial cavitation during US exposure. 
Inertial cavitation can be defined as the rapid expansion and violent collapse of gas 
bubbles in a fluid being exposed to US.
3
  
This work was performed during a short research stay at the Biomedical 
Ultrasonics, Biotherapy and Biopharmaceuticals Laboratory (BUBBL) at the University 
of Oxford, under the supervision of Prof. Constantin C. Coussios. 
Experimental section 
The material used in this work (hybrid MSNs) consisted in MCM-41 type mesoporous 
silica nanoparticles with an US-responsive polymeric gate on its surface (p(MEO2MA-
co-THPMA)). This material was synthesized, characterized and loaded with the dye 
fluorescein as described in our previous work.
1
 This chapter will be focused on 
analyzing the cargo release mechanism from those hybrid MSNs. Fluorescein release 
was evaluated in this work by fluorimetry, measuring the fluorescence of the 
supernatants of hybrid MSNs suspensions after release for 2 h in phosphate buffered 
solution (PBS)  at 37 ºC (Fluorescein: λexc 490, λem 514 nm). 
All US exposure experiments were performed in a tank filled with degassed 
water that was temperature-controlled at 37 ºC. For this work, different High Intensity 
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Focused Ultrasound (HIFU) transducers were used. The sample holder was aligned with 
the HIFU transducer, which included within it another focused transducer used as a 
Passive Cavitation Detector (PCD). The signal received from the PCD enables 
monitoring the cavitation activity within the sample during HIFU exposure. That way, 
the onset of inertial cavitation will be detected as a broadband spectrum on the PCD 
data. A schematic representation of the described experimental setup can be seen in 
Scheme 1. More details about the US experimental setup used can be found below.  
 
Scheme 1. Experimental setup used for the US exposures of the samples. 
The HIFU and PCD transducers are controlled from custom-made software 
(LabVIEW, National Instruments, USA). An arbitrary waveform generator (33220A, 
Agilent, USA) was used to create the transmit signal which was amplified by a 300W 
RF power amplifier (A-300, ENI, Mountain View, USA) and sent to the focused 
transducer via a 50 Ohm matching network. Three frequencies were here used: 0.5, 1 
and 3.3 MHz. To do that, three spherically-focused single-element HIFU transducers 
were here used, with a center frequency of 0.5, 1 and 1.1 MHz respectively (Sonic 
Concepts, USA). The third harmonic of the 1.1 MHz transducer was used for the 3.3 
MHz experiments. All HIFU transducers used here were previously calibrated in water 
using a 0.4 mm diameter needle hydrophone (ONDA 1056, Onda Corporation). All 
acoustic pressures reported in this study are in MPa peak rarefactional pressures. 
Experimental conditions employed for US exposure at the three different frequencies 
used were: 0.5 MHz (3.6 MPa, 5 % duty cycle), 1 MHz (5 or 6 MPa, 95% duty cycle) 
and 3.3 MHz (8 MPa, 95% duty cycle). All US exposures lasted 500 s. 
A 7.5 MHz single element and spherically focused PCD (V320, Panametrics, 
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Acoustic emissions arising from cavitation were sensed by a PCD as described 
previously.
4
 The acquired PCD signal was filtered using a 5 MHz high pass filter 
(FILT-HP5-A, Allen Avionics), amplified 5 times with a low noise amplifier (Stanford 
Research Systems, SR445A, USA) and recorded with a 14-bit PCI Oscilloscope device 
(PCI-5122, National Instruments, USA) at a rate of 100 MHz. The high-pass filter was 
used to reject strong reflections from the sample holder. An initial segment 
(‘background’) that was free of any signal was used to compare it with the rest of the 
signal received to determine if inertial cavitation had occurred (MATLAB program, 
Mathworks, USA).
5
 All of the PCD traces collected were employed to calculate the 
probability of cavitation under each set of US settings. Inertial cavitation was identified 
due to broadband spectral elevation in the signal relative to the background. 
The sample holder was designed specifically for this work (Figure 1). The 
sample holder consisted of a cylindrical container (1 cm diameter) that was sealed with 
two US-transparent Mylar® sheets. An orifice on its wall allowed us to introduce a 
thermocouple inside the holder to measure the temperature during the experiment. An 
opening on the side of the holder was used to introduce the sample and change it 
between experiments, closing it with a rubber lid afterwards.  
 
Figure 1. Sample holder used in this work with a thermocouple inside (left). Sample holder 
aligned with the transducers in a water tank as used for this work (right). 
Samples were first exposed to the different experimental conditions, and then 
incubated in PBS at 37 ºC for 2 h before centrifugation and measurement of their 
supernatants to determine cargo release. Experiments were performed in triplicate. 
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First, a 1 MHz focused transducer was employed to replicate our previous cargo release 
experiments. Suspensions of the fluorescein-loaded US-responsive material were 
exposed to 1 MHz US for 500 seconds (95 % Duty Cycle), at two different peak 
rarefactional pressures: 5 and 6 MPa. Sample temperature and cavitation activity were 
monitored during the US exposure, and cargo release was measured with a fluorimeter 
after incubation at 37 ºC under orbital shaking for 2 h.  
The results (Figure 2) show that 1 MHz US exposure induced a temperature 
increase of 6 ºC at 5 MPa and 14 ºC at 6 MPa. PCD data also shows broadband 
emissions under both conditions, indicating that inertial cavitation was happening in the 
sample holder. A control experiment performed with water in the sample holder and 
applying US at a low pressure showed no inertial cavitation (data not shown).The mean 
broadband power was larger at 6 MPa, implying higher cavitation intensity. Fluorescein 
release results (Figure 2) show that only at the 6 MPa US exposure there is a cargo 
release significantly increased compared to the sample not exposed to US. These results 
show that there is a threshold in the US intensity at which the sample has to be exposed 
to release its cargo. The existence of an intensity threshold is compatible with our 
hypothesis that cargo release is produced after the cleavage of one of the monomers in 
the polymeric gate.
1
 No significant difference in cargo release should be observed until 
a sufficient amount of US-responsive monomers are cleaved. 
 
Figure 2. Temperature measurements obtained during 1 MHz US exposure at 5 and 6 MPa over 
time (left, top); PCD power spectra obtained during those same experiments (left, 
bottom). Fluorescence increase folds of the supernatants of the sample suspensions 
after exposure to 1 MHz US and stirring at 37 ºC for 2 h (compared to samples not 
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The mechanical and thermal effects of US are related to the frequency of US 
being employed. Higher frequencies will provide a more intense thermal effect. On the 
other hand, at lower frequencies, the probability of inertial cavitation is usually much 
higher.
6
 Experiments with different US frequencies were carried out to test what 
mechanism (thermal or mechanical) is most likely to be responsible for cargo release. 
We employed one transducer with a frequency lower than the one used in the above 
experiment (0.5 MHz) and another one working at a much higher frequency (3.3 MHz). 
At 0.5 MHz we would be able to obtain intense cavitation activity at lower pressures 
than those necessary at 1 MHz, and using a low duty cycle (5 %) could allow us to 
reach inertial cavitation without significantly heating up the sample. On the other hand, 
the inertial cavitation threshold at 3.3 MHz should be much higher, what could allow us 
to induce significant bulk heating to the sample without generating an intense cavitation 
activity. A control experiment was performed through a thermal treatment of the sample 
by introducing it in an oven at 55 ºC (maximum temperature reached under 1 MHz US 
at 6 MPa) for 500 s (duration of the US exposure).  
Figure 3 shows that 0.5 MHz US application at 3.6 MPa of pressure, which 
provoked inertial cavitation but did not cause any significant heating of the sample, 
induced a greater cargo release than in samples which were not exposed to the stimulus. 
Furthermore, the fluorescence increase fold obtained at 0.5 MHz was in the same range 
as that obtained at 1 MHz under conditions that induced both thermal and intense 
cavitational effects. On the other hand, neither thermal treatment at 55 ºC nor exposure 
to 3.3 MHz US produced any significant increase in cargo release. These results 
indicate that, while cavitation activity seems to be indispensable to observe cargo 
release from our material, sample heating was not involved in the process. Therefore, 
the mechanism appears to be more closely related to the mechanical effect of US than to 
its thermal effects. However, we cannot rule out the effect of a thermal mechanism in 
the nanoscale, by close proximity of the sample to inertially cavitating bubbles, where 
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Figure 3. Temperature measurements in the sample holder carried out during US exposure until 
a maximum temperature is reached at three different frequencies (left) and associated 
representative PCD data (center). Fluorescence increase folds of the supernatants of 
the sample suspensions after exposure to thermal or US treatments and stirring at 37 
ºC for 2 h (compared to samples not exposed to the stimulus). 
Conclusion 
The mechanism of ultrasound-induced cargo release from hybrid polymer-grafted 
mesoporous silica nanoparticles has been here evaluated. We have determined that 
inertial cavitation was necessary to induce cargo release from hybrid MSNs. 
Additionally, a thermal mechanism was discarded as the main cause of the US-
responsive behavior of the material. The existence of a threshold in the intensity of 
cavitation needed to induce cargo release further supports the sonochemical mechanism 
previously hypothesized. 
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Bloque 3.2  
Estrategias físico-químicas de 
vectorización de nanopartículas de sílice 































3. Resultados y Discusión 
  
El segundo bloque de Resultados y Discusión versa sobre el uso de estrategias físico-
químicas para lograr la vectorización hacia tumores de MSNs sensibles a US.  
 Como ya se ha mencionado anteriormente, la acumulación de nanopartículas en 
tumores sólidos se produce debido a las características patológicas de la vasculatura de 
dichos tumores. Su rápido crecimiento induce la formación de vasos sanguíneos 
imperfectos, que poseen poros o fenestraciones en la pared de los vasos por las cuales 
macromoléculas o partículas pequeñas (hasta varios cientos de nanómetros) pueden 
extravasarse al tejido tumoral. La elevada presión intersticial del tejido tumoral colapsa 
los vasos linfáticos, impidiendo la retirada de las partículas que se hayan extravasado. 
Este efecto de permeabilidad y retención aumentadas (EPR por sus siglas en inglés) es 
el principal motivo del uso de nanopartículas en oncología, y a menudo es denominado 
"vectorización pasiva".
1–3
 Para que la acumulación de nanopartículas en tumores por 
medio del efecto EPR sea eficaz, las nanopartículas deben ser capaces de circular en el 
torrente sanguíneo durante suficiente tiempo. Como se ha visto en el capítulo 1.1, una 
estrategia comúnmente empleada para aumentar dicho tiempo de circulación es la 
modificación de su superficie con cadenas de polietilenglicol (PEG, proceso 
denominado PEGilación).
4–6
 Las cadenas de PEG disminuyen la adsorción de proteínas 
en su superficie (Figura 1), ralentizando su retirada de la circulación por los órganos del 




Figura 1. Efecto de la PEGilación en la adsorción de proteínas. Adaptado con permiso.
8
 
Por otra parte, las estrategias de vectorización activa se han empleado con éxito 
para aumentar la eficacia de las terapias basadas en nanopartículas.
3,9–11
 La 
vectorización activa consiste en decorar la superficie de las nanopartículas con 
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Baja adsorción de proteínas
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de vectorización activa suelen ser anticuerpos, proteínas o moléculas pequeñas,
3
 y es 
especialmente habitual emplear nutrientes para los cuales las células tumorales 




El Capítulo 3.2.1 abarca la obtención de un material híbrido con liberación 
inducida por US, PEGilado y con agentes de vectorización activa. Para ello, se llevó a 
cabo la modificación del método de síntesis del polímero descrito en el bloque 1 para 
permitir el anclaje de cadenas de PEG que porten además agentes de vectorización 
activa que induzcan su internalización en células tumorales. El método empleado en 
este capítulo para la obtención de la compuerta polimérica sensible a US es la 
polimerización por adición fragmentación y transferencia de cadena reversible (RAFT 
por sus siglas en inglés). La polimerización RAFT es también un tipo de polimerización 
radicalaria, en la cual se obtiene un control mucho mayor del proceso y con una 
distribución mucho más estrecha de pesos moleculares del polímero resultante.
13
 Esta 
técnica permite, y es la razón por la que aquí la usamos, la obtención de polímeros con 
un grupo funcional distinto en cada uno de los dos extremos,
14,15
 empleando 
posteriormente uno de los extremos para anclarlo a la nanopartícula y el otro para llevar 
a cabo la unión con una cadena de PEG. El nuevo polímero PEGilado obtenido por este 
método mantenía su capacidad de respuesta a ultrasonido. En la polimerización RAFT, 
además de los monómeros y el iniciador (que serán los mismos que los empleados para 
la polimerización FRP), se añade en el medio de reacción un agente de transferencia de 
cadena o agente RAFT. Éste controlará la velocidad de la reacción, al ir transfiriendo 
cada molécula de monómero a su estructura a medida que va creciendo la cadena de 
polímero.
13
 El esquema 1 muestra el mecanismo de la polimerización tipo RAFT, en 
cinco etapas posibles diferenciadas: iniciación, transferencia de cadena 
reversible/propagación, reiniciación, equilibración de cadena/propagación y 
terminación.  
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Esquema 1. Mecanismo de polimerización tipo RAFT. Adaptado con permiso.
13
 
 Como se verá en el capítulo 3.2.1, el polímero así obtenido fue anclado a las 
MSNs, dando lugar a un nuevo material PEGilado que mostró una mayor estabilidad en 
suspensión que el material no PEGilado. Además, se obtuvo un material PEGilado 
modular al que poder anclar diferentes agentes de vectorización activa utilizando la 
cicloadición 1,3-dipolar de Huisgen empleando un alquino tensionado.
16,17
 Así, tras la 
conjugación de un péptido conteniendo la secuencia RGD (arginina-glicina-aspártico), 
se mostró la capacidad de vectorización activa in vitro de dicho material empleando 
células tumorales HeLa.
10,18,19
 Finalmente, se observó un incremento en la toxicidad de 
las nanopartículas PEGiladas cargadas con doxorrubicina y con vectorización activa tras 
la aplicación de US, indicando la mayor liberación del fármaco en respuesta al estímulo.    
A pesar del aumento en la eficacia terapéutica de nanosistemas con 
vectorización activa, se han descrito también varias desventajas de su uso.
20
 Por 
ejemplo, las nanopartículas PEGiladas y con agentes de vectorización activa son 
retiradas más rápidamente de la circulación que nanopartículas PEGiladas sin 
vectorización activa.
21
 Además, puede darse un efecto paradójico ya que la primera 
línea de células del tumor captará la gran mayoría de las nanopartículas que lleguen a la 
zona, impidiendo su penetración a capas más profundas del tumor. Este efecto se 
conoce como la barrera del sitio de unión, y ha sido ampliamente descrito para el uso de 
anticuerpos.
22
 Con el objetivo de atacar éste y otros problemas, se han desarrollado una 
Iniciación
Iniciador
Transferencia de cadena reversible / Propagación (Etapa de inicialización)
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serie de estrategias comúnmente denominadas de vectorización jerarquizada (Figura 
2).
20,23
 En muchas de estas estrategias, el agente de vectorización activa se encuentra 
oculto durante la circulación de las nanopartículas en el torrente sanguíneo, para luego 





Figura 2. Principales estrategias de vectorización jerarquizada. Adaptado con permiso.
20
 
 El capítulo 3.2.2 trata sobre el desarrollo de una de estas estrategias de 
vectorización jerarquizada, concretamente MSNs PEGiladas capaces de eliminar la capa 
de PEG de su superficie cargada positivamente al ser expuestas a US. Las cadenas de 
PEG son ancladas al material mediante un enlace termosensible.
25,26
 Los efectos 
térmicos del US inducen la separación de la capa de PEG, permitiendo la exposición de 
una carga superficial positiva. Entonces, las nanopartículas con su carga superficial 
positiva expuesta, interaccionan con los fosfolípidos cargados negativamente de la 
membrana celular, lo cual, en nuestro caso, aumentó su internalización en células de 
osteosarcoma (HOS).
27
 Este incremento en la internalización de las nanopartículas 
condujo a una mayor toxicidad de nanopartículas cargadas con topotecan que habían 
sido expuestas a US.   
 Las estrategias mencionadas hasta ahora para mejorar la distribución de 
nanopartículas hacia tumores y aumentar su eficacia (PEGilación, vectorización activa, 
vectorización jerarquizada) dependen en primer lugar de la acumulación pasiva de 
nanopartículas en el tumor mediante el efecto EPR. Sin embargo, el efecto EPR no es 
Agregación Protonación “Ruptura de jaula”
Coensamblaje supramolecular
Exposición de carga positiva Cambio conformacional
Disminución de tamaño
Exposición de ligandoCambio de carga: zwitterion 
a catión
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un fenómeno homogéneo a lo largo de toda la masa tumoral, ni es igual de intenso en 
todos los tipos de tumores.
21,28–30
 De hecho, muchos tumores sólidos presentan un 
efecto EPR de poca magnitud, siendo difícil distinguir en el entorno clínico aquellos 
pacientes que podrían beneficiarse de él.
31
 Por otra parte, la elevada presión intersticial 
presente en los tumores sólidos dificulta la penetración de nanopartículas a zonas 
profundas del mismo, dado que la única fuerza motriz que está actuando durante la 
extravasación de las nanopartículas es la difusión.
32,33
 Por todo esto, es necesario 
desarrollar otras aproximaciones por las cuales asegurar el transporte de nanopartículas 
y otros agentes terapéuticos hacia tumores, así como su correcta distribución dentro de 
los mismos. Una posible estrategia para lograr ambos objetivos es la generación de 
fuerzas de convección en el interior de los vasos sanguíneos del tumor por los cuales 
estén pasando las nanopartículas. La generación de cavitación inercial ha sido empleada 
para inducir la extravasación y distribución más homogénea de distintos tipos de 
agentes terapéuticos para su uso en terapias oncológicas.
34–37
 De esta manera, existiría 
otra fuerza motriz que indujese la extravasación y posterior penetración de las partículas 
en el tumor.  
El Capítulo 3.2.3 se centra en la evaluación del uso de cavitación acústica 
mediada por US en un modelo in vitro de extravasación empleando MSNs. Este trabajo 
se realizó durante una estancia en la Universidad de Oxford, en el grupo de 
investigación dirigido por el Prof. Constantin C. Coussios. Para llevar a cabo este 
trabajo, se empleó un gel de agarosa como modelo del tejido tumoral. Una suspensión 
de las MSNs se hizo pasar con un flujo constante a través de canales creados en el gel. 
Empleando un transductor de US focalizado de 0.5 MHz y un detector de cavitación 
pasiva, se evaluó el efecto de diferentes condiciones de US en la extravasación de 
MSNs al gel de agarosa. Las condiciones óptimas para la extravasación fueron también 
evaluadas para MSNs cargadas con un fluoróforo como modelo de un fármaco cargado 
en los poros. Posteriormente, también se evaluó la combinación de las MSNs con 
núcleos de cavitation poliméricos submicrométricos,
38,39
 que permitieron disminuir la 
presión necesaria para lograr extravasación de las MSNs. Los resultados obtenidos en 
este capítulo muestran que la combinación de MSNs y núcleos de cavitación 
poliméricos puede ayudar a inducir la extravasación de las MSNs en tumores al aplicar 
US focalizados en la zona tras la inyección combinada de ambos tipos de partículas. 
Posteriormente, las MSN embebidas en el tejido tumoral podrían actuar como 
reservorio de un fármaco, liberándolo lentamente en la zona de actuación. 
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From proof-of-concept material to PEGylated, modularly targeted 
ultrasound-responsive mesoporous silica nanoparticles. 
Abstract 
In this work we present the synthesis and characterization of PEGylated and actively-targeted 
ultrasound-responsive hybrid mesoporous silica nanoparticles. This work covers the 
development of the chemical strategies necessary to afford this modular nanodevice starting 
from a proof-of concept material presented in previous work. We have developed a modular 
material by employing the strain-induced azide-alkyne Huisgen reaction. This modular US-
responsive material could be adapted to different specific pathological conditions by carefully 
choosing the appropriate targeting moieties to be used. The new ultrasound responsive 
material was shown to be more stable in aqueous suspension than its non-PEGylated 
counterpart. This material was also able to target HeLa cells after conjugation with an RGD 
peptide. Ultrasound-responsive cytotoxicity of doxorubicin-loaded nanoparticles was 
observed in an in vitro cytotoxicity assay. 
 
Graphical abstract. Conceptual representation of the work. Starting from naked mesoporous silica 
nanoparticles (MSNs), we can obtain a proof-of concept ultrasound-responsive 
hybrid nanomaterial.  
1. Introduction 
Nanomedicine, the use of nanotechnology to diagnose or treat different pathologies, holds 
great promise to improve patient care.
1
 The main rationale behind the use of drug-loaded 
nanoparticles in medicine is their capacity to improve the pharmacokinetics of the drug. 
Nanocarriers can enhance the stability and circulation time of the drug, increasing the amount 
that reaches the target organ and therefore, decreasing the toxicity of chemotherapeutic 
drugs
1
. In the context of cancer, nanoparticles are able to reach tumor tissues due to the 
enhanced permeation and retention (EPR) effect.
2
 The EPR effect is based on an increased 
extravasation of nanoparticles and macromolecules in the tumor due to leaky vasculature in 
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the area, coupled with a decreased withdrawal caused by the collapse of lymphatic vessels in 
solid tumors. Decorating the nanoparticle surface with polyethylene glycol (PEG) chains is 
known as PEGylation. PEGylation inhibits protein adsorption on the nanoparticle surface, 
which hinders its recognition by macrophages and increases their circulation time in the 
bloodstream. This allows more nanoparticles to reach the tumor site. Additionally, active 
targeting strategies have also been developed, by decorating the surface of nanocarriers with 
molecules that will induce their selective internalization in cancer cells.
3
 This active targeting 
has been shown to increase the therapeutic efficacy of nanomedicines.
3
  
Stimuli-responsive nanomaterials have attracted great attention in recent years in the 
context of cancer treatment.
4
 The possibility of inducing drug release only in the diseased site 
could potentially improve the efficacy of nanotherapeutics while decreasing the side-effects 
of systemic administration of anticancer drugs. Both internal (like pH or redox)
5,6
 and 
external (like light, magnetic field and ultrasound)
7–9
 stimuli have been widely studied during 
last years. However, ultrasound (US) appears especially interesting due to its non-
invasiveness and high penetration capacity in living tissues, together with the possibility to 
focus high frequency ultrasound deep into the body and the tumor mass, avoiding 
unnecessary exposure to surrounding healthy tissues.
9
 
Mesoporous Silica Nanoparticles (MSNs) have also attracted much attention as drug 
carriers due to their high physicochemical stability and high surface area that would allow a 
high drug loading capacity.
10,11
 In our group, we have recently reported an US-responsive 
MSN-based drug nanocarrier as an efficient proof of concept system for on-demand drug 
delivery.
12
 However, the material presented in our previous work lacked some of the 
necessary characteristics for its use in therapeutic application. For example, the surface of the 
material at physiological temperature is highly hydrophobic and the particles tend to be 
aggregated. The lack of a PEG layer and active targeting moieties would also prevent them 
from reaching the desired target cancer cells.
13,14
 The objective of this work is to synthesize a 
PEGylated and modularly targeted US-responsive nanomaterial. Consequently, a series of 
chemical strategies were here developed to adapt our previous proof-of-concept material to a 
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2. Experimental section 
2.1. Materials.  
The following compounds were purchased from Sigma-Aldrich, and were used without 
further purification: (3-aminopropyl)triethoxysilane (APTES), cetyltrimethylammonium 
bromide (CTAB), ammonium nitrate, tetraethyl orthosilicate (TEOS), fluorescein 
isothiocyanate (FITC), methacrylic acid (MAA), pyridine, p-toluenesulfonic acid, toluene, 
dichloromethane (DCM), dihydropyran (DHP), dibenzocyclooctyne-amine (DBCO-amine), 
dimethylformamide (DMF), 2-(2-methoxyethoxy) ethyl methacrylate (MEO2MA), 4,4’-
azobis(4-cyanovaleric acid) (ABCVA), diethyl ether, hexylamine, 4-cyano-4-
[(dodecylsulfanylthiocarbonyl)sulfanyl]pentanoic acid (CDTPA), triethylamine (TEA), N,N-
diisopropylethylamine (DIPEA), N-hydroxysuccinimide (NHS), N,N’-
dicyclohexylcarbodiimide (DCC), phosphate-buffered saline (PBS), methoxypolyethylene 
glycol maleimide (MAL-PEG-OMe), poly(ethylene glycol) [N-(2-
maleimidoethyl)carbamoyl]ethyl ether 2-(biotinylamino)ethane average Mn 3800 Da (MAL-
PEG-BIOTIN), poly(ethylene glycol) (N-hydroxysuccinimide 5-pentanoate) ether N′-(3-
maleimidopropionyl)aminoethane average Mn 4000 Da (MAL-PEG-NHS), 4-
hydroxyazobenzene-2-carboxylic acid (HABA)/avidin kit, doxorubicin and fluorescein 
sodium salt. Tetramethylrhodamine Azide (TAMRA-N3) was purchased from Thermo Fisher 
Scientific, and used without further purification. Dulbecco's Modified Eagle's Medium 
(DMEM), penicillin–streptomycin, and trypsin–EDTA were purchased from Invitrogen 
(Fisher Scientific, Spain). Fetal bovine serum (FBS) was purchased from Biowest 
(Labclinics, Spain). 
2.2.Characterization techniques.  
Characterization of the materials used in this study was performed by the following 
techniques: thermogravimetry and differential thermal analysis (TGA/DTA) in a PerkinElmer 
Pyris Diamond TG/DTA analyzer, with 10 ºC/min heating ramps, from 25 ºC to 600 ºC. 
Fourier transform infrared (FTIR) spectra were obtained in a Nicolet Nexus spectrometer 
(Thermo Fisher Scientific) equipped with a Smart Golden Gate attenuated total reflectance 
(ATR) accessory. Transmission electron microscopy (TEM) was carried out in a JEOL JEM 
2100 instrument operated at 200 kV, equipped with a CCD camera (KeenView Camera). 
Phosphotungstic acid (PTA) was used to stain organic matter in the hybrid materials. N2 
adsorption was carried out on a Micromeritics ASAP 2010 instrument; surface area was 
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obtained by applying the Brunauer–Emmett–Teller (BET) method to the isotherm and the 
pore size distribution was determined by the Barrett–Joyner–Halenda (BJH) method from the 
desorption branch of the isotherm. Mesopore diameter was obtained from the maximum of 
the pore size distribution curve. Z potential and hydrodynamic size of nanoparticles by 
Dynamic Light Scattering (DLS) were measured by means of a Zetasizer Nano ZS (Malvern 
Instruments) equipped with a 633 nm “red” laser. 1H NMR experiments were carried out in a 
Bruker AV 250 MHz apparatus. Mass spectra were acquired with a Voyager DE-STR 
Biospectrometry Matrix-Assisted Laser Desorption/Ionization-Time Of Flight (MALDI-
TOF) mass spectrometer. To determine the molecular weight distribution of the copolymers, 
Gel Permeation Chromatography (GPC) was performed in a Waters Alliance automatic 
analysis system with a Model #2695 separations module coupled to a Model #2414 
Refractive Index Detector. GPC measurements were carried out using polyethylene (Glycol/ 
Oxide) standards and DMF with LiCl 10 mM as the eluent.  
The Lower Critical Solution Temperature (LCST) of the polymers was determined by 
DLS by means of the drastic change in the scattering intensity obtained by the precipitation 
of the polymer at the LCST (determined as the temperature at which the scattering intensity is 
50 % of the maximum). To determine the transition temperature, the temperature dependence 
of the scattering intensity of a polymer solution was measured. The temperature was 
increased by discrete temperature increments in the range 10-45 ºC. 
Fluorescence spectrometry was used to determine cargo release by means of a Biotek 
Synergy 4 device. Fluorescence microscopy was performed in an Evos FL Cell Imaging 
System equipped with tree Led Lights Cubes (λEx (nm); λEm (nm)): DAPI (357/44; 447/60), 
GFP (470/22; 525/50), RFP (531/40; 593/40) from AMG (Advance Microscopy Group). 
Quantitative analysis of cellular uptake was performed by flow cytometry in a BD 
FACSCalibur™ cytometer, and results were processed using Flowing Software. 
2.3. Preparation of PEGylated ultrasound-responsive system. 
2.3.1 Synthesis of Mesoporous Silica Nanoparticles. 
MSNs were synthesized by a condensation reaction of TEOS in the presence of CTAB 
template under dilute, basic conditions, as described elsewhere.
12
 FITC-labeled MSNs were 
synthesized by reacting 1 mg of FITC with 2.2 μL APTES in 100 μL ethanol for 2 h. Then, 
the reaction mixture was added with TEOS to obtain the FITC-labeled MSNs, following the 
same protocol as before. 
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2.3.2 Synthesis of Ultrasound-Responsive Copolymer. 
 




The random copolymer poly(2-(2-methoxyethoxy) ethyl methacrylate-co-2-
tetrahydropyranyl methacrylate), with two functional ends and a monomer ratio 90:10 
(MEO2MA:THPMA), was obtained by Reversible Addition-Fragmentation Chain Transfer 
(RAFT) polymerization, adding CDTPA, ABCVA, MEO2MA and THPMA in a Schlenk 
flask. The flask was purged with N2 and 8 mL dry DMF were added, with a catalytic amount 
of DIPEA to protect THPMA from degradation during the synthesis. Then, the flask was 
deoxygenated by three freeze-pump-thaw cycles. The reaction mixture was placed at 80 ºC 
under N2 overnight with magnetic stirring. The obtained polymer was then precipitated and 
washed with diethyl ether. During synthesis optimization, different monomers/CDTPA ratios 
(Table S1) were used to obtain US-responsive polymers (PUS, Figure 1) with different 
molecular weights. Depending on the length of the polymers, each specific sample was 
named as follows: ca. 25000 Da (small, PUSS), ca. 50000 Da (medium, PUSM) and ca. 70000 
Da (large, PUSL). 
 
Figure 1. Structure of the obtained US-responsive polymer, PUS, obtained by RAFT polymerization. 
2.3.3 Preparation of PEGylated Ultrasound-Responsive Copolymer. 
PEGylation of the obtained RAFT random copolymers was carried out by reacting MAL-
PEG-OMe with the copolymer after the aminolysis of the trithiocarbonate group from 
CDTPA, which gives rise to a thiol moiety that reacted with the maleimide through a thiol-
ene click reaction. This was performed as a one-pot reaction, by adding the MAL-PEG-OMe 
to the solution where the aminolysis was going to take place. Three PUS-PEG samples were 
obtained, PUSS-PEG, PUSM-PEG and PUSL-PEG, depending on the PUS used. The 
conditions to obtain PUSL-PEG were: 500 mg of PUSL and 100 mg of MAL-PEG-OMe were 
143
3. Results and Discussion 
  
dissolved in 14 mL of dry DMF under inert atmosphere. The solution was deoxygenated by 
bubbling N2. Then, 500 µL of dry DMF containing 5 µL of hexylamine and 5 µL of TEA 
were added (to obtain PUSM-PEG and PUSS-PEG, the amount of MAL-PEG-OMe, 
hexylamine and TEA were adjusted to keep the same molar ratios as described above). The 
reaction took place overnight at room temperature, under N2 and with magnetic stirring. 
Then, the polymers were precipitated in diethyl ether. After evaporating the ether, the solid 
was dissolved in ice-cold water. After heating the solution to 50 ºC, the precipitate formed 
was centrifuged and washed with preheated water. The purified polymer was then freeze-
dried to obtain PUS-PEG.  
2.3.4 Grafting PEGylated Ultrasound-Responsive Copolymer to MSNs. 
Polymer grafting on the surface of MSNs to obtain HYBRID-PEG was performed as 
described previously.
12
 Depending on the molecular weight of the polymeric gate being 
grafted, three different materials were obtained: HYBRIDS-PEG, HYBRIDM-PEG and 
HYBRIDL-PEG. To prepare HYBRIDL-PEG, 200 mg of PUSL-PEG were conjugated with 
APTES (5 µL) using DCC (4 mg) and NHS (2 mg) under N2 in 3 mL dry DMF at room 
temperature, overnight, under magnetic stirring. Then, this sililated copolymer was reacted 
with previously dispersed MSNs (35 mg) in toluene at 80 ºC, overnight. The addition of the 
polymer to the MSNs suspension in toluene was performed in three steps, leaving 4 h gaps 
between additions to prevent polymer-to-polymer condensation. The hybrid nanoparticles so 
obtained, HYBRIDL-PEG, were then collected by centrifugation and washed with toluene, 
DMF (3 times), cold water (3 times) and ethanol. Then, the nanoparticles were dried under 
vacuum. To obtain HYBRIDM-PEG and HYBRIDS-PEG, the amount of APTES, DCC and 
NHS were adjusted to keep the same molar ratios as used above. 
2.4 Preparation of Actively-targeted PEGylated ultrasound-responsive system. 
2.4.1 Synthesis of Biotin-targeted nanoparticles. 
The polymer PUSL-PEG-BIOTIN was synthesized in a similar way to the one described for 
PUS-PEG (section 2.3.3), grafting MAL-PEG-BIOTIN to the US-responsive copolymer 
PUSL obtained by RAFT. Then, this polymer containing biotin was reacted with MSNs to 
obtain HYBRIDL-PEG-BIOTIN, in a similar way as described above (section 2.3.4). In this 
case, half of the polymer chains had the moiety of interest, while the other half were PUS-
PEG chains without further modification. 
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2.4.2 Synthesis of RGD-targeted nanoparticles. 
The synthesis of the material HYBRIDL-PEG-RGD was carried out in two steps: First, we 
prepared the hybrid containing DBCO moieties (HYBRIDL-PEG-DBCO), which was then 
reacted with an azide-functionalized peptide containing the RGD sequence: N3-Lys-Cys-Arg-
Gly-Asp-Arg (RGD-N3). 
(a) HYBRIDL-PEG-DBCO: The polymer dibenzocyclooctyne-polyethilenglicol-
maleimide, MAL-PEG-DBCO, was synthesized as follows: 14 mg of DBCO-amine derivate 
were dissolved in the minimum amount possible of methylene chloride anhydrous. Under 
inert atmosphere, 10 µL of DIPEA were added and the mixture was stirred 30 minutes at 
room temperature (solution A). On the other hand, 40 mg of MAL-PEG-NHS were also 
dissolved in the minimum amount of dichloromethane under nitrogen atmosphere (solution 
B). Solution A was added dropwise over solution B and the resulted mixture was stirred 
overnight at 40 ºC (Scheme 1). The methylene chloride was removed under vacuum and the 
resulting crude was purified by silica flash column chromatography using DCM:MeOH 
(30:1) as eluent. The final product was characterized by 
1
H NMR, and the spectrum can be 
found in Figure S1. 
 
Scheme 1. Synthesis reaction employed to obtain MAL-PEG-DBCO. 
Then, PUSL-PEG-DBCO was synthesized in a similar way as described for PUSL-
PEG-BIOTIN (section 2.3.1), by grafting the synthesized MAL-PEG-DBCO to the US-
responsive copolymer PUSL obtained by RAFT. This PUSL-PEG-DBCO was reacted with 
MSNs to obtain the HYBRIDL-PEG-DBCO similarly as described for the preparation of the 
hybrid containing biotin (section 2.3.1).  
(b) HYBRIDL-PEG-RGD: Initially, the peptide RGD-N3 was synthetized 
following the standard solid-phase techniques using Fmoc-coupling chemistry (Scheme S1). 
Amino acids were added sequentially to build the peptide sequence on a solid resin. After the 
coupling of each amino acid, the solid resin was washed and deprotection of the last amino 
acid incorporated was performed to allow the coupling of the next one. The final 
functionalized Wang resin was treated with TFA/TIPS/H2O cleavage cocktail in order to 
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afford a peptide crude that was purified by G-25 Sephadex column size exclusion 
chromatography. 
1
H NMR spectrum can be found in Figure S2. 
To obtain RGD-modified particles, HYBRIDL-PEG-RGD, 4 mg of HYBRIDL-PEG-
DBCO nanoparticles were reacted with RGD-N3 (2 mg) in water at 4 ºC under magnetic 
stirring overnight. Then, the nanoparticles were collected by centrifugation and washed once 
with cold water and twice with preheated PBS (37 ºC).  
2.5 Cargo loading and release. 
Fluorescein loading was performed by dispersing the HYBRID-PEG material (10 mg) in a 
solution of fluorescein (100 mg) in PBS (5 mL) and stirring overnight at 4 ºC, since the 
polymeric gate will be open at that temperature. The medium was then heated to 37 ºC and 
the particles were collected by centrifugation. The loaded nanoparticles were extensively 
washed with PBS at 37 ºC.  
Doxorubicin loading was performed in a similar way using RGD-targeted 
nanoparticles: 4 mg of HYBRIDL-PEG-RGD were loaded with doxorubicin in 2.5 mL of 
PBS containing 1 mg/mL of the drug at 4 ºC overnight. 
Release experiments were performed as follows: Fluorescein-loaded materials 
dispersed in PBS were exposed to a commercial laboratory ultrasound device before starting 
the experiment (1.3 MHz, 100 W, 10 min, continuous wave (CW), conditions used in our 
previous work).
12
 The experiment was carried out placing aliquots of suspensions of the 
loaded material in 12 well plate Transwell inserts (0.5 mL per insert), and adding 1.5 mL 
PBS to the outer volume of the well. At each time point, the external volume was collected 
and analyzed, and the well was filled with 1.5 mL of fresh PBS (to ensure sink conditions). 
The samples were measured by fluorimetry to determine the amount of fluorescein released 
(λEx: 490 nm; λEm: 514 nm). Same procedure was carried out with samples without US 
exposure. 
2.6 Cell culture experiments. 
Cell culture experiments with HeLa cells were carried out to evaluate nanoparticle uptake by 
the cells, as well as cell viability when incubated with drug-loaded nanoparticles. HeLa cells 
were seeded in 24 well plates at a density of 20,000 cells per cm
2
 24 h before the experiments 
were performed. 
For the nanoparticle uptake experiments, cells were incubated with 200 µg/mL 
suspension of the nanoparticles (with or without the targeting moiety) in complete culture 
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medium (DMEM with 10% FBS). The particles were incubated with the cells overnight, and 
then they were removed and the cells were washed with PBS to remove non-internalized 
nanoparticles. Cellular uptake was evaluated by fluorescence microscopy and flow 
cytometry.  
For the cytotoxicity experiment, RGD-targeted nanoparticles (HYBRIDL-PEG-RGD), 
loaded with doxorubicin were incubated with the cells overnight (100 µg/mL suspension). 
Then, the cells were rinsed with PBS, and half of the wells were exposed to ultrasound (using 
a physiotherapy device, New Pocket Sonovit, New Age Italia Srl, Italy) from the top of the 
well totally filled with culture medium (1 MHz, 3 W/cm
2
, 5 min, CW). The cells were then 
further incubated with 1 mL of complete culture medium per well. At different time points, 
cell viability was evaluated by Alamar Blue assay (Promega, Spain) following the 
manufacturer’s instructions. 
3. Results and Discussion 
3.1 PEGylated ultrasound-responsive system 
We have recently developed an ultrasound-responsive hybrid Mesoporous Silica Nanocarrier 
(HYBRID) capable of inducing cargo release when exposed to High Frequency Ultrasound.
12
 
That material was obtained by grafting a thermo-and ultrasound-responsive random 
copolymer, p(MEO2MA-co-THPMA) to the surface of MCM 41-type MSNs. Before 
ultrasound exposure, the copolymer shows a Lower Critical Solution Temperature (LCST) 
lower than 37 ºC, so the polymer will be collapsed on the nanoparticle surface, capping its 
pores. After US exposure, the US-sensitive monomer THPMA will be cleaved, inducing an 
increase in the LCST behavior of the polymer, which will change to a coil-like conformation, 
inducing cargo release at physiological temperature.
12,16
  
However, that proof-of-concept material presents several problems when considering 
an in vivo scenario. For example, the polymeric gate closes the pores of the material when 
collapsing on its surface due to the thermoresponsive behavior of the polymer.
12
 This implies 
that, when the material is closed, the surface is highly hydrophobic and the particles would 
therefore be likely to aggregate. Furthermore, this material also lacks of any type of active 
targeting moieties, which are thought to be of great importance for the efficacy of 
nanotherapeutics.
3
 Both problems could be potentially addressed by the attachment of PEG 
chains with a targeting agent to the exposed end of the polymer. The aim of this work is to 
adapt the proof-of-concept material previously reported to a more useful one, PEGylated and 
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actively targeted. However, the chemical strategies employed in our previous work would not 
enable to carry out this modification in an easy fashion.  
In order to attach a PEG molecule to the US-responsive copolymer, a bifunctional 
polymer must be obtained first. That way, one functional end will be used to graft a PEG 
chain while the other one will be attached to the nanoparticle surface. The polymer presented 
in our previous work,
12
 which was obtained by Free Radical Polymerization (FRP), only 
possessed one functional end, with a carboxylic acid provided by the initiator ABCVA. An 
US responsive copolymer with two different functional ends has been here obtained by 
changing the synthetic procedure from FRP to RAFT polymerization by using a 
trithiocarbonate RAFT agent (CDTPA) that also presents a carboxylic acid. The monomer 





spectra confirmed the correct synthesis of the desired copolymers (Figure S3). US-
Responsive copolymers, PUS, with different molecular weights were obtained (PUSS, PUSM 
and PUSL) by modifying the monomers/RAFT agent ratio,
17
 as shown in Table 1. This 
allowed us to evaluate the effect of the molecular weight of the polymeric gate on the 
behavior of the final material. The molecular weight of the polymers was successfully 
controlled by modifying the monomer:CDTPA ratio, obtaining longer chains when more 
monomer molecules were available for each RAFT agent molecule. The polymers had yellow 
color due to the presence of the trithiocarbonate group from the RAFT agent, which 
confirmed the integrity of CDTPA through the polymerization reaction.
18,19
 
Table 1. GPC data of the different PUS obtained in this work before and after coupling with MAL-
PEG-OMe (PUS-PEG) 
PUS sample Mn (Da) PDI  PUS-PEG sample Mn (Da) PDI  PEG Mn (Da) 
PUSS 25624 1.19 PUSS-PEG 26599 1.22 2000 
PUSM 46776 1.56 PUSM-PEG 51880 1.68 5000 
PUSL 67030 1.63 PUSL-PEG 73061 1.78 5000 
The aminolysis of the trithiocarbonate was carried out in the presence of a maleimide-
modified PEG to graft it to the above RAFT copolymers. A one-pot thiol-ene click reaction 
took place, coupling the PEG chain to our US-responsive copolymers,
19
 obtaining PUS-PEG 
polymers (Scheme 2) with different molecular weights (Table 1). After purification, the 
1
H 
NMR spectra of the obtained copolymers confirms the PEG grafting (signal between 3.6 and 
3.7 ppm) (Figure S3). Table 1 shows an increase in the molecular weight of the copolymers 
after the PEGylation process in the same range as the molecular weights of the PEG chains 
being grafted. Furthermore, the absence of smaller polymer chains in the GPC 
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chromatograms (data not shown) confirms the purification of the PEGylated copolymers 
from unreacted PEG chains. 
 
Scheme 2. Representation of the synthetic procedure employed to obtain PUS-PEG. 
The US-responsiveness of the copolymer after conjugation with PEG was checked by 
monitoring the LCST behavior before and after ultrasound exposure. The results show that 
our PUS-PEG presents a LCST below 37 ºC in water before the application of US (Figure 2). 
This behavior implies that at physiological temperature the polymer will be collapsed on the 
nanoparticle surface, effectively capping the pores and preventing the premature release of 
the drug. After US application, the LCST is shifted to values above 45 ºC. This change is due 
to the cleavage of the hydrophobic THPMA and its conversion to hydrophilic MAA, which 
induces a change in the overall hydrophilicity of the p(MEO2MA-co-THPMA) block, 
displacing the LCST to a higher temperature.
12
 The US-responsiveness of PUS-PEG was 
independent of its molecular weight (data not shown). This US-responsive behavior will 
provide the induced release capability in the final hybrid material.  
 
Figure 2. Lower critical solution temperature (LCST) of PUSL-PEG before (blue) and after 10 min 
(red) of ultrasound application (1.3MHz, 100 W, CW). A 1 mg/mL solution in water was 
used. 
Once the US-responsiveness of PUS-PEG had been shown, it was then conjugated 
with APTES through its carboxylic acid (via DCC/NHS chemistry) and grafted to the surface 
of MSNs by condensation with the silanol groups of the silica particle,
12
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Scheme 3. Synthetic procedure employed to obtain the PEGylated Ultrasound-responsive material, 
HYBRID-PEG. 
The different PEGylated US-responsive copolymers presented in Table 1 were grafted 
to MSNs to obtain the PEGylated hybrid materials, HYBRID-PEG, which can be seen in 
Table 2. The organic matter percentage (determined by TGA) is similar (24-29 %) regardless 
of the molecular weight of the grafted polymer. This data indicate a successful grafting of the 
polymers to the silica nanoparticles. However, significant differences can be found in the 
BET surface area, with decreasing values being obtained as the molecular weight of the 
polymers increased (Table 2).  
Table 2. Effect of molecular weight of the grafted copolymer on the organic matter %, BET surface 
area and % of dye released from HYBRID-PEG samples. 











released after 20 h 
HYBRIDS-PEG 24.93 634 0.55 80 
HYBRIDM-PEG 24.04 585 0.39 45 
HYBRIDL-PEG 28.82 188 0.13 23 
The different PEGylated hybrid materials prepared were loaded with fluorescein. The 
percentage of dye released in PBS at 37 ºC was measured after 20 h to test if the PEGylated 
US-responsive polymers effectively block the pore entrances of the nanoparticles. Data 
collected in Table 2 indicates that the molecular weight of the RAFT polymer was found to 
be crucial on capping the pores to block premature cargo release. Thus, higher molecular 
weight (Mn) led to less release of fluorescein. This result is in good agreement with previous 
work reported in the literature, showing that the molecular weight of polymers used as 
capping agents of MSNs drastically affects their efficiency.
20
 Longer polymer chains form 
larger aggregates when they collapse on the surface of the silica particle, acting as a more 
effective capping agent (Table 2). This is also in consonance with BET surface areas 
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It is worth noting that the Mn needed to effectively cap the pores in this work is 
significantly higher than what we had seen in our preceding paper (around 28000 Da).
12
 This 
different behavior can be explained by the change in the polymer synthetic method. RAFT 
polymerization allows a much better control over the polymerization reaction compared to 
FRP.
21
 By employing RAFT polymerization, the molecular weight distribution of the 
obtained copolymers is narrower than that obtained by FRP (PDI values around 2). 
Therefore, for the same Mn, the polymers obtained by FRP will present a significant 
percentage of polymer chains with a much larger size than the mean, which could have 
contributed to a better seal at the pore ends. According to these results, the hybrid material 
with the largest polymeric gate, HYBRIDL-PEG, was selected for all further experiments. 
Once HYBRIDL-PEG had been selected, a more extensive characterization of the 
material further confirmed the successful grafting of PUSL-PEG on the material surface. 
Figure 3 shows the TEM micrographs of MSN and HYBRIDL-PEG, where the highly 
ordered mesoporous structure of the nanoparticles can be observed. Those same TEM 
micrographs of HYBRIDL-PEG (Figure 3) show a PTA-stained layer on the nanoparticle 
surface not present on MSN, corresponding to the polymeric gate, and confirming the 
successful grafting of the polymer to the nanoparticle surface. The FTIR spectrum of 
HYBRIDL-PEG (Figure 3) shows the typical bands of the polymer, between 1400 and 1800 
cm
-1
. The hydrodynamic diameter obtained by DLS indicates a peak size of 250 nm, with Z 
potential values of -45 mV. Hydrodynamic diameter of MSN was 220 nm with a Z potential 
value of -21 mV. These data confirm the correct grafting of a PEGylated polymeric gate 
capable of blocking premature cargo release from the mesopores of the material at 
physiological temperature. 
 
Figure 3. Characterization of MSN (left) and HYBRIDL-PEG (right). TEM micrographs showing 































500   1000  1500  2000  2500  3000  3500  
MSN HYBRIDL-PEG
151
3. Results and Discussion 
  
The stability of this new PEGylated hybrid material (HYBRIDL-PEG) was compared 
with our previously reported non-PEGylated hybrid material (HYBRID),
12
 using FITC-
labeled nanoparticles (Figure 4). The particles were dispersed in PBS (1 mg/mL of 
nanoparticles) and a photograph of the suspensions was taken. The suspensions were then 
kept at 37 ºC for 1 h without stirring, and they were then re-evaluated under visible and 
ultraviolet (UV) light. HYBRID nanoparticles can be clearly observed at the bottom of the 
cuvette (better assessed by the fluorescence of nanoparticles under UV light), while 
HYBRIDL-PEG nanoparticles remain much better dispersed. This result indicates that the 
stability of the nanoparticle suspension was greatly improved in the PEGylated system, which 
was one of the main aims of our approach. Besides, PEGylation is known to extend 
circulation time after injection in vivo,
13,22
 due to a slow withdrawal from the circulation by 
organs from the Mononuclear phagocyte system (MPS). 
 
Figure 4. Suspension stability of HYBRID and HYBRIDL-PEG. Photographs taken under visible 
(left, center) or UV light (right). 
Finally, the US-responsiveness of HYBRIDL-PEG was evaluated performing 
fluorescein release experiments. The material should be capable of retaining the cargo at 37 
ºC, and releasing it in response to the application of US as an external stimulus. Figure 5 
shows that fluorescein release was greatly enhanced when US is applied on a loaded 
HYBRIDL-PEG suspension.  
 
Figure 5. In vitro fluorescein release from HYBRIDL-PEG without or with US exposure (10 min, 
1.3 MHz, 100 W, CW). 
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These results indicate that the US-induced cargo release capability is retained in this 
PEGylated material, and its behavior is comparable to that obtained in our previous work.
12
 
This US-responsive behavior would enable the cargo to be released mostly in the tumor 
environment, improving the safety and efficacy profile of the system. 
3.2 Targeted PEGylated ultrasound-responsive system 
Heretofore, we have successfully obtained a PEGylated material that can trigger the release 
of its cargo when exposed to US. However, no active targeting strategy had been 
implemented to enhance the specificity of this material. To address the need for active 
targeting molecules, a different hybrid material was obtained by a similar process, but 
employing biotin-conjugated PEG, MAL-PEG-BIOTIN (Scheme 4). Consequently, the biotin 
moiety will be present on the end of the PEG chain attached to the polymeric gate on the 
nanoparticle surface. Biotin, also known as vitamin B7, can be employed as an active 
targeting agent due to the overexpression of biotin receptors by a variety of cancer cells.
23
 
The amount of biotin molecules present in HYBRIDL-PEG-BIOTIN was quantified by the 
HABA/Avidin test, and the value obtained (2.13 nmol biotin/mg of nanoparticles) was in 
close agreement with the value expected from the TGA and the Mn of the attached polymer.  
 
Scheme 4. Synthetic procedure employed to obtain the PEGylated, biotin-targeted ultrasound-
responsive material, HYBRIDL-PEG-BIOTIN. 
An in vitro cellular uptake experiment was performed to test the efficacy of the biotin 
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and targeted PEGylated nanoparticles (HYBRIDL-PEG and HYBRIDL-PEG-BIOTIN) with 
HeLa cells, which have been reported to overexpress biotin receptors,
24
 shows a significantly 
increased cellular uptake of biotin-modified nanoparticles, as can be seen from fluorescence 
microscopy and flow cytometry data (Figure 6).  
 
Figure 6. Uptake experiments in HeLa cells comparing HYBRIDL-PEG and HYBRIDL-PEGBIOTIN 
by fluorescence microscopy (left, showing cell nuclei in blue and nanoparticles in green) 
and flow cytometry (right). 
These results confirm the possibility to attach a targeting moiety to the external 
surface of our US-responsive nanocarrier, allowing a selective delivery to specific types of 
cancer cells. Taking into account the chemical strategies employed to obtain our final system, 
there is a very limited amount of targeting agents that can be conjugated to the PEG chain 
before it is coupled with the polymeric gate and then grafted to the particles. Any molecule 
possessing free amines, carboxylic acids, thiols or maleimides can interfere with the 
subsequent reactions, giving rise to undesired side-products.  
A modular device was designed to provide more versatility to our US-responsive 
system. Our approach consisted on conjugating a strained alkyne (the DBCO moiety) to a 
PEG molecule, which also presents a maleimide group in the other end, MAL-PEG-DBCO 
(Scheme 1). This would allow carrying out the grafting process as already described (Scheme 
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HYBRIDL-PEG-DBCO, by using a copper-free alkyne-azide cycloaddition. The DBCO 
moiety will react with azide-functionalized molecules to yield a stable triazole linkage. 
 
Scheme 5. Synthetic procedure employed to obtain the PEGylated, DBCO-modified ultrasound-
responsive material, HYBRIDL-PEG-DBCO. 
Before grafting any targeting molecules, a coupling reaction with an azide-dye 
(TAMRA-N3) was performed to ensure the presence and availability of the DBCO moiety in 
the material (Supporting Information). That way, sample color and/or fluorescence could be 
used to test if the click reaction has taken place. After reaction of HYBRID-PEG-DBCO with 
TAMRA-N3, sample fluorescence indicates a successful reaction with the dye (Figure S4). 
Same results were obtained with the intermediate products (MAL-PEG-DBCO, PUSL-PEG-
DBCO). This demonstrates the correct coupling of DBCO and that it is available to react 
through click chemistry. On the other hand, no reaction with the dye takes place in the 
materials not carrying DBCO. All of these results indicate that it is possible to graft an azide-
modified molecule to our HYBRIDL-PEG-DBCO. These results open the gate for endless 
easy modifications of the material, fine-tuning the targeting capacity of the system towards 
specific cell lines, once the US-responsive material has already been prepared. 
The versatility of this methodology has been tested by attaching a targeting agent to 
HYBRIDL-PEG-DBCO and evaluating its cellular uptake. A peptide containing the RGD 
(Arg-Gly-Asp) sequence was used as the active targeting agent to be anchored to HYBRIDL-
PEG-DBCO. This sequence is selectively recognized by αvβ3 integrin receptor, and has been 
extensively studied as an active targeting agent for anticancer therapies.
25
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groups present in this molecule (like amines and carboxylic acids) would not allow us to 
include this peptide in the PEGylated polymeric gate, due to incompatibility issues with the 
polymer grafting methodology above described. For this reason, the RGD sequence was 
attached to HYBRIDL-PEG-DBCO by copper-free azide-alkyne cycloaddition using an 
azide-functionalized peptide, RGD-N3 (Scheme S1) to obtain HYBRIDL-PEG-RGD (Figure 
7). 
 
Figure 7. Structure of the obtained PEGylated RGD-targeted US-responsive hybrid mesoporous silica 
nanoparticles, HYBRIDL-PEG-RGD. 
Cellular uptake studies were carried out with HeLa cells, which also overexpress 
integrins capable of interacting with the RGD sequence.
26
 Figure 8 shows a significantly 
increased uptake in RGD-containing nanoparticles (HYBRIDL-PEG-RGD). This result 
highlights the successful development of our modular strategy to obtain an actively-targeted 
material. Further, a competition assay with the addition of free RGD in the medium shows a 
decrease in the internalization of HYBRIDL-PEG-RGD, indicating a receptor-mediated 
uptake mechanism.  
RGD targeting agentPEG chainUS-responsive gateMSN core
156
3. Results and Discussion 
  
 
Figure 8. Uptake experiments in HeLa cells comparing HYBRIDL-PEG and HYBRIDL-PEG-RGD by 
fluorescence microscopy (left, showing cell nuclei in blue and nanoparticles in green) and 
flow cytometry (right). 
Finally, and since the material presented in this work is aimed for anticancer therapy, 
these actively-targeted nanoparticles must be able to kill cancer cells upon US exposure when 
loaded with a cytotoxic drug. According to the cellular uptake results, the targeted system 
(HYBRIDL-PEG-RGD) was selected for our cytotoxicity experiment with drug-loaded 
nanoparticles. Doxorubicin-loaded HYBRIDL-PEG-RGD nanoparticles were incubated with 
HeLa cells overnight. Some of the cells were then exposed to ultrasound using a 
physiotherapy device, and cell viability was evaluated by Alamar Blue test over the next 
three days (Figure 9). Ultrasound itself was shown not to have any significant effect on cell 
viability. Ultrasound-exposed nanoparticles showed significantly higher cytotoxicity on HeLa 
cells than the ones not exposed to the stimulus, denoting the greater doxorubicin release upon 
US application. This further indicates that we have obtained a PEGylated, modularly-
targeted, ultrasound responsive drug carrier that could be applied for further studies in the 
field of cancer nanomedicine. Nanoparticle uptake by the target cancer cells will be enhanced 
by the addition of an active targeting molecule, and the external application of ultrasound in 
the tumor area will induce the release of the cytotoxic drug loaded in the nanoparticle, killing 
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 Figure 9. Cytotoxicity assay measured by Alamar Blue test in HeLa cells at different time points (1, 
2 and 4 days) after incubation with doxorubicin-loaded HYBRIDL-PEG-RGD. Samples 
without US exposure and with US exposure (1 MHz, 3 W/cm
2
, 5 min, CW) were evaluated 
(US was applied after measuring the 1 day time point). *p < 0.05 (Student's t-test).  
 
Conclusions 
A PEGylated and targeted modular ultrasound-responsive nanocarrier based on Mesoporous 
Silica Nanoparticles has been successfully obtained by modifying the chemical strategies 
employed previously to obtain a proof-of-concept stimulus-responsive material.  
First, a non-targeted PEGylated material possessing US-promoted cargo release was 
obtained and characterized. That PEGylated material showed increased stability in aqueous 
suspension when compared to its non-PEGylated control, which is of great interest for its 
biomedical application.  
By further modifying the material, a modular nanocarrier was obtained, in which any 
targeting agent could be easily attached to the final system through click chemistry. By taking 
advantage of that modularity of the material, RGD-decorated nanoparticles were obtained and 
demonstrated to induce enhanced cellular uptake. Drug-loaded RGD-targeted PEGylated 
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Table S1. Amount of different reagents employed to obtain PUS samples with different molecular 
weights. 








PUSS  15 4  1.8 0.2  
PUSM  8  3 1.8  0.2 






H NMR spectrum and 
1
H NMR COSY of MAL-PEG-DBCO in MeOD. 
1H NMR (250 MHz, MeOD) δ 7.69 (ddd, J = 14.0, 10.2, 3.8 Hz,2H, 2xCHAr, DBCO), 7.60 – 7.51 (m, 2H, 
2xCHAr, DBCO), 7.49 (m, 4H, 2xCH, maleimide, 2xCHAr, DBCO), 7.39 (ddd, J = 8.9, 3.7, 2.2 Hz, 2H, 
2xCHAr, DBCO), 7.30 (dt, J = 8.7, 5.1 Hz, 2H, , 2xCHAr, DBCO), 5.20 (s, J = 8.6 Hz, 1H, CH2, DBCO), 5.15 
(s, 1H, CH2, DBCO), 4.02 – 3.86 (m, 2H, CH2-N, maleimide), 3.66 (s, broad, 364 H, 90x(CH2-CH2-O), PEG), 
3.22 – 3.02 (m, 2H, CH2-NHCO), 2.96 – 2.76 (m, 2H, CH2-NHCO), 2.65 – 2.37 (m, 4H, 2xCH2-CONH), 2.26 
(dd, J = 13.0, 5.8 Hz, 2H, CH2, maleimide chain), 2.08 (dd, J = 12.5, 5.4 Hz, 2H, CH2, maleimide chain), , 1.82 
– 1.57 (m, 2H, CH2, maleimide chain), 1.58 – 1.46 (m, 2H, CH2, maleimide chain). 
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H NMR spectrum of RGD-N3 in D2O. 
1
H NMR (250 MHz, D2O) δ 4.58 (1H, CH, Cys); 4.35 – 4.10 (2H, 2xCH, Arg), 3.60 (s, broad, 2H, 
CH2, Gly), 3.33 – 3.13 (m, 3H, CH2, Cys, CH Lys-N3), 2.85 (s, broad, 4H, 2xCH2, Arg), 2.83 – 2.64 
(m, 2H, CH2, Asp), 1.60 (s, broad, 6H, 2xCH2, 2xArg, CH2, Lys-N3), 1.50 (s, broad, 8H, 2xCH2, Lys-
N3, 2xCH2, 2xArg). 
MALDI/TOF/TOF= 713.080 m/z [M
+





H NMR spectra of PUSL (left) and PUSL-PEG (right) in CDCl3. 
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Copper-Free Azide–Alkyne Cycloaddition with TAMRA-N3 
To react TAMRA-N3 with MAL-PEG-DBCO, 2 mg of MAL-PEG-DBCO were dissolved in 
300 µL of PBS and 2 µL of the stock TAMRA-N3 solution were added (1 mg/mL in DMSO). 
The mixture was stirred at 37 ºC for 1 h. Then, the polymer was purified by G-25 Sephadex 
column size exclusion chromatography. 
For the reaction of TAMRA-N3 with PUSL-PEG-DBCO, 10 mg of PUSL-PEG-DBCO 
were dissolved in 1 mL of cold deionized (DI) water, and 2 µL of the stock TAMRA-N3 
solution were added. The mixture was stirred at 4 ºC overnight, and the polymer was then 
precipitated in diethyl ether and centrifuged.  
To conjugate TAMRA-N3 with DBCO-modified hybrid, 3 mg of HYBRIDL-PEG-
DBCO were dispersed in 500 µL of DI water, and 6 µL of the stock TAMRA-N3 solution 
were added. The mixture was stirred at 4 ºC overnight. The material was then collected by 
centrifugation and thoroughly washed with ethanol and cold water.  
TAMRA fluorescence emission was then checked in DI water (Ex: 555 nm; Em: 575 
nm) (Figure S4). 
 
Figure S4. Reaction with TAMRA-N3 of MAL-PEG-DBCO (left), PUSL-PEG-DBCO (center) and 
HYBRIDL-PEG-DBCO (right). Control experiments were performed using MAL-PEG-
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Mesoporous silica nanoparticles with ultrasound-induced uptake by 
cancer cells 
Abstract 
A novel smart hierarchical ultrasound-responsive mesoporous silica nanocarrier for 
cancer therapy is here presented. This dynamic nanosystem has been designed to 
display different surface characteristics during its journey towards tumor cells. Initially, 
the nanocarriers are shielded with a polyethylene glycol layer. Upon exposure to high 
frequency ultrasound, the polymer shell detaches from the nanoparticles, exposing a 
positively-charged surface. That favors the internalization in human osteosarcoma cells, 
where release of topotecan takes place, drastically enhancing the cytotoxic effect. 
Introduction 
The use of nanoparticles in medicine, in the so-called nanomedicine, has the potential of 
drastically improving cancer diagnostics and therapy.
1
 In this sense, the selective 
accumulation of nanoparticles in tumor tissues due to the Enhanced Permeation and 
Retention (EPR) effect has been used as the main rationale to develop nanoparticle-
based drug delivery devices as therapeutic agents for cancer treatment,
2,3
 some of which 
have already reached the market.
4
 Grafting polyethylene glycol (PEG) chains on the 
surface of nanoparticles, a process known as PEGylation, has been proven as an 
effective way of increasing the circulation time of nanoparticles in the bloodstream, 
thereby allowing a higher dose of the nanocarrier to reach the tumour.
5
 However, 
nanoparticle uptake by cells is hindered after PEGylation.
5
 Besides the passive 
accumulation of nanoparticles in tumor tissues due to the EPR effect, active targeting 
strategies have been extensively studied to improve the efficacy of nanomedicines.
2
 
However, active targeting is often accompanied by a series of disadvantages of its own. 
For example, PEGylated nanoparticles exposing targeting agents are withdrawn faster 
from systemic circulation than PEGylated nanoparticles without further modification.
6
 
This decrease in nanoparticle circulation time can indeed diminish the therapeutic 
efficacy of these nanocarriers. Additionally, the presence of targeting agents with a very 
high affinity for the target cells can also induce a paradoxical effect: cancer cells in the 
first line of the tumor tissue will interact with the nanoparticles in a very strong manner, 
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retaining the particles in the periphery of the tumor and effectively preventing their 
distribution to deeper areas.
7
 This effect has been called the ―binding site barrier‖.  
Hierarchical targeting strategies have been developed to overcome the above 
limitations of targeted nanomedicines.
6
 In these approaches, a targeting moiety is 
included in the formulation in a way that it remains hidden during nanoparticles 
transport along the bloodstream and it is later exposed once they reach the target tissue 
by passive accumulation. Cellular uptake of these materials can be triggered by a 
stimulus, either internal (such as pH or redox conditions)
8
 or external (such as light).
9
 In 
this context, pathological changes in internal conditions, like pH, are not very 
exacerbated.
10
 Additionally, clinicians do not hold any control over the behavior of 
nanoparticles sensitive to internal stimuli. Nanoparticles sensitive to external stimuli can 
be more selective in their response, since they will only be activated by the voluntary 
application of the stimulus. However, the level of penetration in the tissue and potential 
damage to surrounding healthy tissues could be limitations for external stimuli. For 
example, light is known to penetrate poorly in solid tissues, even though Near Infrared 
light can be employed to improve this parameter.
10
 
High frequency ultrasound can non-invasively penetrate very deep into tissues 
and is well tolerated by the body.
10
 When an ultrasound (US) wave propagates through 
living tissues in the body, several thermal and mechanical effects occur, including 
pressure variation, acoustic fluid streaming, cavitation and local hyperthermia, and these 
effects can be used for different medical applications.
11
 In these sense, we recently 
employed US to successfully trigger doxorubicin release from Mesoporous Silica 
Nanoparticles (MSNs) in cancer cells.
12
 However, the use of ultrasound to trigger 
hierarchical targeting materials remains largely unexplored. The objective of the present 
work is to develop a nanoparticle that can undergo ultrasound-promoted uptake by 
cancer cells, by means of an ultrasound-induced temperature increase.  
As a model nanoparticle we have selected MSNs due to their facile synthesis and 
functionalization and their high physicochemical stability.
13,14
 Additionally, the textural 
properties of MSNs, such as their high surface area and pore volume, will provide high 
loading capacity of different drugs.  
Nanoparticle uptake by cells is generally enhanced by employing internalization 
ligands (targeting agents) or positively charged moieties on the surface of the 
nanoparticles.
6
 Due to the simplicity and broad applicability of this charge-dependent 
approach, we chose the exposure of a positively charged surface as the mechanism to 
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induce cell internalization by using amine functionalized MSNs.
15
 The positive charge 
on the nanoparticle surface will be hidden by grafting PEG chains on the nanoparticle 
surface through a thermosensitive linker. These PEG chains will be disengaged from the 
nanoparticles by subjecting the material to an ultrasound-induced temperature increase, 
exposing the positive charges of the particles. The concept of the material designed in 
this work is shown in Scheme 1. 
 
Scheme 1. Schematic representation of nanoparticle uptake by cells promoted by ultrasound-
induced detachment of PEG shell from positively-charged MSNs. 
Experimental section  
Materials  
The following compounds were purchased from Sigma-Aldrich Inc. (Spain): 
Ammonium nitrate, cetyltrimethylammonium bromide (CTAB), tetraethyl orthosilicate 
(TEOS), (3-aminopropyl)triethoxysilane (APTES), 9-Fluorenylmethoxycarbonyl 
(Fmoc) chloride, piperidine, poly(ethylene glycol) bis(amine) average Mn 3400 Da 
(NH2-PEG-NH2), dimethylformamide (DMF), N-hydroxysuccinimide (NHS), succinic 
anhydride, 4,4’-azobis(4-cyanovaleric acid) (ABCVA), N,N’-dicyclohexylcarbodiimide 
(DCC), phosphate-buffered saline (PBS), rhodamine-B isothyocianate (RBITC), 
fluorescein isothyocianate (FITC) and topotecan hydrochloride hydrate (TOP). 
Dulbecco's Modified Eagle's Medium (DMEM), penicillin-streptomycin, non-essential 
aminoacids, trypsin-EDTA were purchased from Invitrogen (Fisher Scientific, Spain). 
Fetal bovine serum is from Biowest (Labclinics, Spain). These compounds were used 
without further purification. 
Characterization Techniques. 
The materials were analyzed by small angle X-ray diffraction (XRD) in a Philips X’Pert 
Multipurpose Diffractometer (MPD) equipped with Cu Kα radiation. Fourier 
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(Thermo Fisher Scientific) equipped with a Smart Golden Gate attenuated total 
reflectance (ATR) accessory. Thermogravimetry and differential thermal analysis 
(TGA/DTA) were performed in a PerkinElmer Pyris Diamond TG/DTA analyzer, with 
10 ºC/min heating ramps, from room temperature to 600 ºC. 
1
H NMR experiments were 
carried out in a Bruker AV 250 MHz apparatus. Surface morphology was analyzed by 
scanning electron microscopy (SEM) in a JEOL 6400 electron microscope. Z potential 
was measured in deionized water by means of a Zetasizer Nano ZS (Malvern 
Instruments) equipped with a 633 nm ―red‖ laser. Fluorescence spectrometry was used 
to determine PEG detachment by means of a Biotek Synergy 4 device. Fluorescence 
microscopy was performed with an Evos FL Cell Imaging System equipped with three 
Led Lights Cubes (λEX (nm); λEM (nm)): DAPI (357/44; 447/60), GFP (470/22; 525/50), 
RFP (531/40; 593/40) from AMG (Advance Microscopy Group). Quantitative analysis 
of cellular uptake was performed by flow cytometry (FACS) in a BD FACSCalibur™ 
cytometer, and results were processed using Flowing Software. Ultrasound experiments 
were performed in a commercial laboratory ultrasound apparatus (RBI, France), 
working at 1.3 MHz and 100 W for 20 min, following similar conditions as those 
described in our previous work.
12
 
Synthesis of PEGylated Mesoporous Silica Nanoparticles 
Amino-functionalized mesoporous silica nanoparticles (MSN-NH2) were obtained by a 
modified Stöber method from a mixture of TEOS and APTES (90:10 molar ratio) in the 
presence of CTAB as structure-directing agent under basic and very dilute conditions, 
as described elsewhere.
15
 MSN-NH2 labeled with FITC were also obtained by reacting 1 
mg of FITC with 2.2 μL APTES in 100 μL ethanol for 2 h. Then, the reaction mixture 
was added with the TEOS and APTES solution as already described.  
The quantification of amino groups available on MSN-NH2 was performed by a 
Fmoc UV assay,
16
 based on the reaction of Fmoc chloride with the amino groups to be 
quantified. Briefly, 50 mg of MSN-NH2 were mixed with 125 mg of Fmoc chloride 
(excess), purged with nitrogen and dissolved in 3 mL of dry DMF under inert 
atmosphere. That solution was magnetically stirred overnight at room temperature. 
Then, the material was collected by centrifugation and washed with DMF, water (3 
times) and ethanol (twice) to get rid of unbounded Fmoc. That material was dried under 
vacuum. Different portions were weighted and dispersed in 1 mL of a solution of 20 % 
piperidine in DMF to deprotect the amino groups and release the Fmoc from the 
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material. That reaction was performed under sonication for 20 min. After centrifugation, 
the absorbance of the supernatant at 301.5 nm was measured, and the amount of Fmoc 
released from the amines was measured. Once the amount of Fmoc released was known, 
the amount of amino groups per mg of material was extrapolated (molar ratio 1:1). 
Before the PEGylation process, commercial NH2-PEG-NH2 was labeled with 
FITC (F-PEG-NH2) or RBITC (R-PEG-NH2) in order to be detected by green and red 
fluorescence, respectively. F-PEG-NH2 was obtained by reacting 100 mg of NH2-PEG-
NH2 with 11 mg of FITC (1:1 molar ratio) in 5 mL of dry DMF under inert atmosphere 
(N2). The reaction was carried out at room temperature under magnetic stirring 
overnight (under inert atmosphere). Then, the reaction products were precipitated in 
diethyl ether and dried at room temperature. The products were dissolved in water and 





NMR spectra of different fractions after liophylization were performed to select the 
desired product. R-PEG-NH2 was obtained in a similar way, but using 16 mg of RBITC 
instead of FITC (to maintain the 1:1 molar ratio). 
MSN-NH2 functionalization with PEG was carried out through DCC/NHS 
chemistry using a thermosensitive linker such as ABCVA to obtain thermosensitive 
PEGylated nanoparticles (MSN-NH2-T-PEG). Similar protocol was followed with 
succinic anhydride as a linker to prepare non-thermosensitive PEGylated nanoparticles 
(MSN-NH2-PEG) to be used as control. 
To obtain MSN-NH2-T-PEG, 1.6 mg of ABCVA were activated with 3.4 mg of 
DCC and 1.9 mg of NHS in 2 mL of dry DMF under inert atmosphere with magnetic 
stirring at room temperature for 30 min. Then, 20 mg of F-PEG-NH2 (or R-PEG-NH2) 
dissolved in 1 mL of dry DMF were added and stirred for 2 h at room temperature 
(molar ratio of 1:1 with ABCVA). Finally, 20 mg of MSN-NH2 nanoparticles dispersed 
in 1 mL of dry DMF were added. The reaction medium was stirred overnight and the 
product was collected by centrifugation and washed with DMF twice and with water 3 
times. The material was then dried under vacuum. 
To obtain MSN-NH2-PEG, 20 mg of F-PEG-NH2 (or R -PEG-NH2) and 0.6 mg 
of succinic anhydride were dissolved in 2 mL of dry DMF under inert atmosphere, and 
the mixture was magnetically stirred at room temperature for 1.5 h. Then, 1.8 mg DCC 
and 1 mg of NHS dissolved in 1 mL of dry DMF were added and stirred for other 2 h. 
Then, 20 mg of MSN-NH2 nanoparticles dispersed in 1 mL of dry DMF were added and 
reacted overnight. The material was purified as described above for MSN-NH2-T-PEG.  
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Evaluation of stimuli-responsive PEG detachment from the material 
To evaluate the detachment of PEG chains from MSN-NH2-PEG or MSN-NH2-T-PEG, 
nanoparticles with FITC-labeled PEG chains were employed. Several 1 mL aliquots of 
suspensions of those materials in PBS (1 mg/mL) were placed in an oven and subjected 
to two different thermal treatments: 37 ºC or 70 ºC overnight (samples were sealed to 
prevent any solvent evaporation). Additionally, suspensions of both nanoparticle types 
were exposed to US by using a commercial laboratory ultrasound apparatus working at 
1.3 MHz and 100 W for 20 min. A thermocouple was introduced in the experimental 
setup during the ultrasound application experiments to evaluate the temperature rise 
induced by the stimulus. 
After the different treatments, the suspensions were centrifuged (10000 rpm, 10 
min). The supernatants were analyzed by fluorimetry to determine the presence of F-
PEG-NH2 detached from the materials. The materials were washed 3 times with PBS, 
dried and stored until further analysis. Z potential from those materials was performed 
in aqueous suspension to evaluate any changes on the surface charge of the materials 
after the different treatments. 
In vitro nanoparticle uptake and cancer cell killing  
Human Osteosarcoma (HOS) cells were seeded in 24 well plates at a density of around 
20,000 cells/cm
2
 24 h before the experiments were carried out. Cells were grown in 
DMEM supplemented with 2mM of glutamine, 1 % penicillin/streptomycin and 10 % 
fetal bovine serum, at 37 ºC, 5 % CO2 and 95 % humidity. 
Nanoparticle uptake by HOS cells was evaluated by fluorescence microscopy 
employing nanoparticles prepared with RBITC-labeled PEG and FITC-labeled MSN-
NH2. Thus, the location of both MSN-NH2 and PEG could be traced with the 
microscope. HOS cells were exposed to a suspension of MSN-NH2-T-PEG or MSN-
NH2-PEG (without or with ultrasound treatment in both cases) in DMEM culture 
medium (200 µg/mL) for 2 h. Then, the cells were washed with PBS twice and then 
fixed with a solution of DAPI in methanol. That medium was changed with PBS to 
perform fluorescence microscopy.  
Quantitative analysis of cellular uptake was performed by flow cytometry. HOS 
cells were incubated with the nanoparticles in complete culture medium (200 µg/mL) 
for 2 h, and after washing out non-internalized nanoparticles with PBS, the cells were 
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trypsinised, collected by centrifugation and redispersed in PBS solution with trypan 
blue (0.5 %) to remove extracellular fluorescence. The fluorescence intensity of 10,000 
cells was quantified by flow cytometry. Statistical analysis for differences between 
groups was carried out by the Student’s t test. 
Nanoparticles were loaded with topotecan, an anticancer drug, to carry out 
cytotoxicity experiments. Drug loading was performed by dispersing MSN-NH2-PEG, 
or MSN-NH2-T-PEG, in a solution of topotecan (2 mg/mL in PBS), and magnetically 
stirring them overnight at room temperature. Those nanoparticles containing topotecan, 
TOP-MSN-NH2-PEG and TOP-MSN-NH2-T-PEG, were collected by centrifugation 
and washed with PBS 3 times. Incubation of HOS cells with these nanoparticles was 
performed in complete culture media as described above for the internalization 
experiments. After washing out non-internalized nanoparticles with PBS, cell viability 
was evaluated at different time points (2 and 24 h) by a commercial Alamar Blue test 
(Invitrogen, Spain), following the manufacturer’s instructions. Statistical analysis was 
carried out using the Student´s t test. 
Results and Discussion 
It is well known that nanoparticle surface characteristics have a great importance in 
their interactions with biological environments. For example, PEGylation is known to 
increase the circulation time of nanoparticles.
5
 However, cellular uptake in PEGylated 
nanoparticles is hindered.
5
 On the other hand, nanoparticles with positively charged 
surfaces are generally internalized efficiently by cells (due to an electrostatic interaction 
with negatively-charged phospholipids in the cell membrane),
6,15
 but their circulation 
time is much shorter. Therefore, the design of a nanosystem with different surface 
characteristics in the different delivery stages is here approached.  
Mesoporous silica nanoparticles decorated with amino groups, MSN-NH2, were 
used in our experiments. These positive nanoparticles were shielded, by decorating 
them with PEG, using ABCVA as linker (MSN-NH2-T-PEG nanoparticles). ABCVA 
acts here as a thermosensitive linker, although it is commonly used as a radical initiator 
in polymer synthesis because it is cleaved when heated above 69 ºC
17
 forming radical 
species that can start the polymerization.
12
 In our case, the temperature increase by 
using US would induce the cleavage of the ABCVA linker,
18,19
 separating PEG chains 
from the nanoparticle surface. PEGylated nanoparticles that are not thermosensitive 
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(MSN-NH2-PEG) were used as control and prepared by using succinic anhydride as a 
linker (Scheme 2).  
 
Scheme 2. Schematic representation of the preparation of MSN-NH2-T-PEG and MSN-NH2-
PEG. 
Samples were characterized before and after PEGylation (Figure 1). The SEM 
micrographs show that particle morphology (round-shaped) is maintained after PEG 
grafting. Small angle XRD patterns show that the ordered porous structure is 
maintained, although the intensity of the diffraction maxima decreases after PEG 
grafting, which is in agreement with previous results.
12
 The FTIR spectra of MSN-NH2-
PEG and MSN-NH2-T-PEG show the presence of amide bonds in the material (ca. 1650 
cm
-1
), confirming the successful PEG grafting through amide bond formation to the 
nanoparticles. TGA data indicate a percentage of organic matter due to PEG chains in 
the material of around 5.60 % and 5.18 % for MSN-NH2-T-PEG and MSN-NH2-PEG, 
respectively (after substracting the residual organic matter percentage present in MSN-
NH2 before PEG grafting). The amount of amino groups in MSN-NH2 was 8.35x10
-5
 
moles/g (as quantified by Fmoc UV assay). From the TGA data and knowing the 
molecular weight of the grafted PEG, the percentage of those amino groups occupied by 
PEG was estimated to be 18.2 % and 19.2 % for MSN-NH2-PEG and MSN-NH2-T-
PEG, respectively. Z potential is modified from positive to negative values after 
PEGylation: +33.8 mV (MSN-NH2), -32.1 mV (MSN-NH2-PEG) and -30.2 mV (MSN-
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PEGylation process. Since most of the amino groups on the nanoparticle are not 
involved in the linkage to PEG, the drastic changes in the Z potential values must be 
attributed to a physical masking of the nanoparticle surface by the PEG chains.  
 
Figure 1. Characterization of MSN-NH2, MSN-NH2-PEG and MSN-NH2-T-PEG. SEM 
micrographs (top), small angle XRD patterns (center) and FTIR spectra (bottom).  
All of the above results confirm the successful masking of the nanoparticle 
surface by the PEGylation process. The system capacity to change its surface 
characteristics in response to stimuli was then evaluated step by step. First, we studied 
the PEG detachment after thermal and US treatments, then, the US-induced cellular 
uptake and finally, the cytotoxicity when the system was loaded with the anticancer 
drug topotecan. 
The temperature responsiveness of the linker in our nanoparticles was evaluated 
through PEG chain detachment after thermal treatment. The PEG here employed (F-
PEG-NH2) was labeled with fluorescein to evaluate the fluorescence of the supernatant 
after treatment, which allowed the quantification of the PEG detached from our 
nanoparticles. According to the literature, the cleavage of the ABCVA linker is 
produced at ca. 69 ºC (10 h)
17
. Accordingly, suspensions of MSN-NH2-T-PEG and 
MSN-NH2-PEG particles in PBS (1 mg/mL) were treated at 37 and 70 ºC overnight, and 
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the supernatants obtained after centrifugation were analyzed by fluorimetry. Figure 2 
shows that fluorescence intensity was only detectable in the aqueous medium after 
MSN-NH2-T-PEG suspension treatment at 70 ºC while no significant fluorescence was 
found in the supernatant of sample at 37 ºC. As expected, no fluorescence was observed 
in the samples with no thermosensitive linker (MSN-NH2-PEG) independently of the 
temperature. These results show the thermoresponsive capacity of MSN-NH2-T-PEG 
particles thanks to the presence of the selected linker which promotes the PEG 
detachment.  
 
Figure 2. Fluorescence intensity of the supernatant of suspensions of MSN-NH2-PEG and 
MSN-NH2-T-PEG (obtained with FITC-labeled PEG) after different thermal 
treatments (left); Z potential measurements in water of the materials exposed to 
those same conditions (right). 
After PEG detachment had been observed, the exposure of the positively-
charged nanoparticle surface was evaluated by Z potential. Z potential measurements 
after thermal treatment are in consonance with the fluorescence experiments, since only 
MSN-NH2-T-PEG particles treated at 70 ºC presented positive Z potential values 
(Figure 2). 
Once the ability of this system to dissociate the PEG chains from its surface in 
response to temperature was confirmed, these materials were subjected to US as an 
external stimulus, to evaluate if a US-induced temperature increase could trigger that 
same behavior. Figure 3 shows the fluorescence of the supernatant of MSN-NH2-T-PEG 
and MSN-NH2-PEG suspensions after US exposure for 20 min. Again, PEG 
fluorescence is only observed in the nanoparticles containing the thermosensitive linker, 
which means that the azo moiety in the ABCVA linker between PEG and MSN-NH2 
(Scheme 2) was cleaved in response to the temperature increase induced by US. These 
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release its PEG coating when exposed to an external energy source, such as 1.3 MHz 
ultrasound. It is worth mentioning that under the US conditions used, the macroscopic 
temperature of the solution was determined to be 48 ± 1 ºC (by a thermocouple placed 
in the setup during the experiments). This temperature was much lower than the bulk 
temperature needed to induce the cleavage (70 ºC). This difference could be ascribed to 
a more intense localized heating in the nanoscale related to the occurrence of acoustic 
cavitation.
20
 Even though the temperature reached is still high for the direct biological 
application of this material, this proof-of-concept strategy could be adapted to other 
thermosensitive linkers that can respond to a lower temperature (in the range of 
hyperthermia).  
 
Figure 3. Fluorescence intensity of the supernatant of suspensions of MSN-NH2-PEG and 
MSN-NH2-T-PEG (obtained with FITC-labeled PEG) after US exposure (1.3 MHz, 
100 W, 20 min) (left); Z potential measurements in water of the materials exposed to 
those same conditions (right). 
Once that PEG detachment by US-induced temperature rise was demonstrated, 
the next step was to evaluate if it would be sufficient to provide a positively-charged 
surface. Thus, Z potential measurements of the nanoparticles after US treatment were 
carried out (Figure 3). Positive values were only obtained after the US treatment of 
MSN-NH2-T-PEG, while a negative charge was found in MSN-NH2-PEG, in agreement 
with the absence of PEG detachment.  
The results obtained by fluorimetry and Z potential measurements show that the 
application of an external stimulus as US provokes the detachment of the PEG chains 
from MSN-NH2, inducing the exposure of protonated amino groups and, therefore, 




























































































3. Results and Discussion 
  
The next step was to study if PEG detachment favors nanoparticle uptake. To 
evaluate that, MSN-NH2-T-PEG and MSN-NH2-PEG were exposed to US and then they 
were incubated with HOS cells for 2 h and non-internalized nanoparticles were washed 
with PBS before performing fluorescence microscopy (Figure 4). In this experiment, we 
employed FITC labeled MSN-NH2 and RBITC-labeled PEG chains. The results indicate 
a higher cellular uptake of MSN-NH2-T-PEG nanoparticles that had been exposed to 
ultrasound than in any of the other experimental groups, in agreement with the surface 
charge reversion of the nanoparticles after the US-induced temperature increase. 
Moreover, a partial lack of co-localization between red and green fluorescence in the 
ultrasound-exposed MSN-NH2-T-PEG sample indicates the detachment of PEG chains 
from the nanoparticles (Insert in Figure 4), in agreement with previous in vial 
experiments above shown. For ultrasound-exposed MSN-NH2-PEG under the same 
conditions, red and green fluorescence overlap, indicating that PEG chains are still 
attached to the nanoparticles (Insert in Figure 4). Normalized fluorescence intensity of 
the cells determined by flow cytometry (Figure 4) shows a significant increase in MSN-
NH2-T-PEG uptake after US exposure, while no significant differences were found by 
ultrasound application for MSN-NH2-PEG. 
     
Figure 4. Fluorescence microscopy images (left) and flow cytometry data (right) of 
osteosarcoma cells (HOS) incubated with MSN-NH2-PEG and MSN-NH2-T-PEG 
exposed or not to ultrasound. Blue fluorescence shows stained nuclei with DAPI, 
green fluorescence shows MSN core and red fluorescence (inserts in right images) 
shows PEG chains. ns= no significant differences; *p<0.05. 
50 µm 50 µm


















































































































































3. Results and Discussion 
  
Once the nanoparticles are internalized by the tumor cells after US stimulus, 
they should be able to induce their death. The therapeutic potential of our system was 
therefore evaluated with a cytotoxicity study. In this sense, we employed topotecan-
loaded nanoparticles incubated with HOS cells. Topotecan is a water-soluble cytotoxic 
drug (classified as a topoisomerase 1 inhibitor, an analog of camptothecin). The use of 
nanocarriers that can release the drug in the intracellular compartment leads to very high 
concentrations of the drug, increasing the efficacy of the platform. Therefore, relative 
levels of cell death obtained with different nanocarrier formulations in the same cell line 
could also be an indicator of the degree of internalization of the different materials 
studied. The results of this cell viability study (Figure 5) show that significant cell death 
is only observable with US-exposed TOP-MSN-NH2-T-PEG, while under all of the 
other conditions, the cells remained viable. These data are in agreement with the 
nanoparticle uptake experiments, since the nanoparticle uptake was much less efficient 
in absence of thermolinker and/or US application. 
 
Figure 5. Cell viability of HOS cells (evaluated by Alamar Blue test) incubated with TOP-
MSN-NH2-PEG and TOP-MSN-NH2-T-PEG with or without prior US application. 
*p<0.05; **p<0.001 (compared to control). 
All of the results here presented confirm the fabrication of a smart hierarchical 
nanoparticle. Initially, the material presents a PEGylated surface, which allows it to 
circulate in the bloodstream until it is accumulated in the tumor tissue by the EPR 
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response to the application of an external stimulus, enabling a more effective interaction 
with the cancer cells that would lead to nanoparticle uptake. 
The results obtained in this work highlight a great potential for ultrasound-
induced nanoparticle uptake. Further work is needed to adapt this approach to 
thermosensitive linkers that can trigger changes in the nanoparticle surface at a 
physiologically relevant temperature interval. Shielding active targeting molecules on 
the nanoparticle surface and exposing them only after the application of external stimuli 
by analogous strategies could also improve the specificity of this kind of approaches. 
Conclusions 
We have successfully synthesized a smart hierarchical system by developing a 
PEGylated Mesoporous Silica Nanoparticle capable of undergoing detachment of the 
PEG chains under thermal or US treatment. The application of an external stimulus such 
as US is also capable of displaying positively-charged surface of the nanoparticle.   
The exposure of the positively-charged surface induced by ultrasound treatment 
enhanced the cellular uptake of the nanoparticles, while the application of ultrasound in 
a control material did not induce any changes in its uptake. Finally, US-promoted 
nanoparticle uptake greatly increased the toxicity of topotecan-loaded nanoparticles in 
human osteosarcoma cells. 
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Abstract 
Mesoporous silica nanoparticles have been reported as suitable drug carriers, but their 
successful delivery to target tissues following systemic administration remains a 
challenge. In the present work, ultrasound-induced inertial cavitation was evaluated as a 
mechanism to promote their extravasation in a flow-through tissue-mimicking agarose 
phantom. Two different ultrasound frequencies, 0.5 or 1.6 MHz, with pressures in the 
range 0.5-4 MPa were used to drive cavitation activity which was detected in real time. 
The optimal ultrasound conditions identified were employed to deliver dye-loaded 
nanoparticles as a model for drug-loaded nanocarriers, with the level of extravasation 
evaluated by fluorescence microscopy. The same nanoparticles were then co-injected 
with submicrometric polymeric cavitation nuclei as a means to promote cavitation 
activity and decrease the required in-situ acoustic pressure required to attain 
extravasation. The overall cavitation energy and penetration of the combination was 
compared to mesoporous silica nanoparticles alone. The results of the present work 
suggest that combining mesoporous silica nanocarriers and submcrometric cavitation 
nuclei may help enhance the extravasation of the nanocarrier, thus enabling subsequent 
sustained drug release to happen from those particles already embedded in the tumour 
tissue. 
Keywords: Extravasation, Nanoparticle Delivery, Cavitation, Mesoporous Silica 
Nanoparticles. 
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Introduction 
Cancer remains one of the leading causes of death in the world.[1] The poor delivery 
and inadequate distribution of cancer therapeutics in tumours is considered to be one of 
the major hurdles yet to be overcome.[2] The use of nanocarriers to transport anticancer 
drugs has been extensively studied in recent years as a promising strategy to address 
this challenge.[3] Drug nanocarriers can provide many advantages, such as improving 
the pharmacokinetic profile of drugs, increasing their circulation times and improving 
their safety profile.[4] Mesoporous Silica Nanoparticles (MSNs) are one of the most 
promising types of nanoparticles for drug delivery, due to their high drug-loading 
capacity derived from their textural properties, such as their high surface area and pore 
volume, their physicochemical robustness and their ease of functionalization with 
different moieties through silanol chemistry, making them a versatile tool that can be 
easily adapted to different specific applications.[5,6] 
The main rationale behind the vast amount of work in nanomedicine is the 
selective accumulation of nanostructures in solid tumours due to their anomalous 
vasculature related to their rapid growth, which constitutes the enhanced permeation 
and retention effect, often referred to as “passive targeting”.[7] Despite all the efforts 
spent in developing the field of nanomedicine, only a few nano-sized drugs have 
reached clinical application.[8] Furthermore, while these clinically available nano-drugs 
have significantly improved the safety profile compared to previous formulations with 
the same active components, mainly due to preventing the use of toxic excipients, the 
improvement in their efficacy has been modest at best.[9] A recent analysis on the 
accumulation of nanoparticles in tumours has shown that only a small percentage of the 
injected nanocarriers actually reach the target tumour tissue (ca. 0.7 %).[10] Besides, 
there has been no significant improvement in that parameter over the last decades.[10] 
Moreover, the heterogeneity of tumours in different patients, or even on different areas 
of the tumours from the same patient, implies that even the nanoparticles that reach 
them will not be distributed homogeneously. Furthermore, the elevated interstitial 
pressure of solid tumours also limits the penetration of nanoparticles into the tissue.[11] 
Consequently, a more controlled method to deliver cancer nanotherapeutics is 
necessary, while also ensuring a deeper penetration of the nanoformulations to allow 
them to achieve their full therapeutic potential. 
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Ultrasound (US) has emerged as a remarkable tool in biomedicine, being used to 
induce drug release from drug carriers,[12–16] to perform thermal ablation 
therapies[17] and to induce reversible opening of the blood-brain barrier,[18] among 
many other applications.[19–21] Ultrasound can be focused in the region of interest 
deep within the body, reducing the intensity of the stimulus applied to surrounding, 
non-target areas. The biological effects of ultrasound can be divided into thermal and 
mechanical.[17] Among those mechanical effects, cavitation is highlighted as one of the 
most useful ultrasound-related phenomena for biomedicine. It can be defined as the 
formation and linear or non-linear oscillation of gas bubbles in a fluid.[22,23] Sustained 
linear or non-linear oscillations about an equilibrium bubble radius for many acoustic 
cycles is termed non-inertial cavitation. However, at more elevated pressures for a given 
ultrasound frequency and bubble size, the bubble grows unstably during ultrasonic 
rarefaction, subsequently collapsing violently during compression under the inertia of 
the surrounding fluid.   
This phenomenon, termed inertial cavitation (IC), has been used to enhance the 
delivery of different therapeutics for cancer therapy.[22,24–26] In this sense, the main 
strategy employed here consists on using cavitation nuclei that reduce the acoustic 
pressure required to induce IC, which implies violent collapse of gas bubbles.[27] 
Examples of such nuclei include micrometric shelled gas bubbles,[22] droplets [28]  or 
gas-stabilizing solid nanoparticles.[29,30] Microstreaming, shockwaves and microjets, 
associated with  IC within blood vessels, can propel the therapeutic into the tumour, 
increasing the delivered dosage and favouring a more homogeneous distribution.[31]  
The main objective of the present work is to evaluate in an in vitro tissue mimicking 
flow model the possibility of MSNs to be used both as drug carriers and as nuclei for 
the generation of IC to improve their delivery and penetration. Additionally, the 
combination of MSNs with sub-micron polymeric cup-shaped gas-stabilizing 
sonosensitive particles (SSP)[29,30] to reduce the acoustic pressures required to initiate 
IC is also investigated.  
Experimental section 
Materials. Following compounds were purchased from Sigma-Aldrich Inc.: 
Aminopropyltriethoxysilane (APTES), ammonium nitrate, cetyltrimethylammonium 
bromide (CTAB), sodium hydroxide, tetraethyl orthosilicate (TEOS), fluorescein 
isothiocyanate (FITC), phosphate-buffered solution (PBS), rhodamine B. These 
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compounds were used without further purification. UltraPure™ Agarose-1000 
(Invitrogen, Paisley, UK) was also used without further purification. Ultrapure 
deionized water was obtained using a Millipore Milli-Q plus system (Millipore S.A.S., 
France). 
Characterisation Techniques. The materials were analysed by small angle X-ray 
diffraction (XRD) in a Philips X‟Pert MPD diffractometer equipped with Cu Kα 
radiation. Fourier transform infrared (FTIR) spectra were obtained in a Nicolet (Thermo 
Fisher Scientific) Nexus spectrometer equipped with a Smart Golden Gate Attenuated 
Total Reflectance accessory. Transmission electron microscopy (TEM) was carried out 
in a JEOL JEM 2100 instrument operated at 200 kV, equipped with a CCD camera 
(KeenView Camera). The zeta potential and hydrodynamic size of nanoparticles 
determined by dynamic light scattering (DLS) were measured by means of a Zetasizer 
Nano ZS (Malvern Instruments) equipped with a 633 nm “red” laser. N2 adsorption was 
carried out in a Micromeritics ASAP 2010 instrument; surface area was obtained by 
applying the Brunauer–Emmett–Teller (BET) method to the isotherm and the pore size 
distribution was determined by the Barrett–Joyner–Halenda (BJH) method from the 
desorption branch of the isotherm. Mesopore diameter was obtained from the maximum 
of the pore size distribution curve. 
Fluorescence spectrometry was used to determine cargo release by means of a 
Biotek Synergy 4 device (λexc 540 nm, λem 625 nm). Fluorescence microscopy was 
performed in a Nikon Super Inverted Research Microscope (Ti-E). Individual images 
were taken using a 4x objective. 3D image stitching was performed using the software 
NIS-Elements Advanced Research (Nikon UK Limited). Nikon filter cubes were used 
to image FITC (filter cube for FITC, Exciter 465–495, Dichroic 505, Emitter 515–555) 
and rhodamine B (filter cube for TRITC, Exciter HQ545/30×, Dichroic Q570LP, 
Emitter HQ620/60 m).  
Synthesis of Mesoporous Silica Nanoparticles: MSNs were prepared by a modified 
Stöber method, as previously described.[32] Briefly, 1 g of the surfactant CTAB was 
dissolved in 480 mL of deionised (DI) water with 3.5 mL of NaOH 2M in a 1 L round-
bottom flask. The solution was heated up to 80 ºC under magnetic stirring, and the 
temperature was allowed to stabilize for 30 min. 5 mL of TEOS were added at 0.25 
mL/min and the solution was vigorously stirred at 80 ºC for 2 h. The particles were then 
collected by centrifugation and washed with water and ethanol. The surfactant was then 
extracted by ionic exchange by dispersing the particles in 500 mL of NH4NO3 solution 
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in 95% ethanol (10 mg/mL) and magnetically stirring them under reflux overnight. The 
nanoparticles were then collected by centrifugation and washed twice with ethanol. The 
resulting solid was dried under vacuum at room temperature. 
FITC-labelled MSNs (FMSNs) were prepared in a similar manner, by conjugating 1 mg 
of FITC with 2.2 µL of APTES in 100 µL of ethanol with magnetic stirring for 2 h. 
That solution was mixed with 5 mL of TEOS and added onto the CTAB solution under 
basic conditions, following the same protocol as described above. 
Loading and release of Rhodamine B in FMSNs: 2 mg of Rhodamine B were dissolved 
in 20 mL of deionised (DI) water. 20 mg of FMSNs were then dispersed in the dye 
solution with the help of an ultrasound bath and the suspension was magnetically stirred 
at room temperature overnight. The dye-loaded particles (FMSN-RhB) were then 
collected by centrifugation and thoroughly washed with DI water before being dried and 
stored at room temperature until further use. 
Rhodamine B release experiments were carried out as follows. A 1 mg/mL 
suspension of FMSN-RhB in water was prepared and 0.5 mL of such suspension were 
introduced in a Transwell® insert (polycarbonate membrane with a pore size of 0.4 μm) 
placed in a 12 well plate. 1.5 mL of DI water were placed in the well outside the insert. 
At predetermined time points, the release media outside the inserts were collected and 
replaced with fresh DI water. The samples were analysed by fluorimetry using a plate 
reader. Release experiments were performed in triplicate.  
Sonosensitive Particles (SSPs): Submicrometric polymeric cups were obtained from 
OxSonics Ltd (Oxford, UK).[30] Degassed DI water was used to dilute a stock solution 
of 25 mg/mL of SSPs to a final concentration of 0.5 mg/mL. The SSPs had a mean 
diameter of 500 nm, with a cavity diameter between 230 and 340 nm.[30] Suspensions 
of both SSPs and FMSNs combined (final concentration of 0.5 mg/mL and 0.2mg/mL, 
respectively) were also prepared employing degassed DI water (FMSN-SSP 
suspension). 
Experimental setup: The experimental setup used in this work had four main 
components: a focused therapeutic ultrasound transducer (FUS), a passive cavitation 
detector (PCD) that is used to passively record the acoustic emissions produced from 
cavitation, the in vitro tissue-mimicking agarose phantom model (with an embedded 1 
mm channel through which the sample can flow) and a conventional ultrasound imaging 
device. The FUS and PCD are fully controlled from custom-made software using 
graphical programming language (LabVIEW, National Instruments, USA). An arbitrary 
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waveform generator (33220A, Agilent, USA) was used to create the transmit signal 
which was amplified by a 300W RF power amplifier (A-300, ENI, USA) and sent to the 
FUS via a 50 ohm matching network.  
 1. Focused therapeutic ultrasound: A spherically-focused single-element FUS 
transducer with a centre frequency of 0.5 MHz was used (H107, Sonic Concepts, USA). 
The same transducer driven at its third harmonic through a customized matching 
network was used for the 1.6 MHz experiments. The aperture and the geometric focus 
of the transducer were 64 mm and 60 mm, respectively. The FUS used was previously 
calibrated in water using a 0.4 mm diameter needle hydrophone (ONDA 1056, Onda 
Corporation, USA). All acoustic pressures reported in this study are in MPa peak 
rarefactional pressures (PRP). For all extravasation experiments, 600 pulses with a pulse 
repetition time (PRT) of 100 ms were employed. Duty cycle was kept at 5 % in all 
cases.   
 2. Passive Cavitation Detector: A single element PCD (V320, Panametrics, 
USA) was coaxially and confocally aligned with the FUS transducer via a central 
circular opening in the FUS. Acoustic emissions arising from cavitation were sensed by 
the PCD as described previously.[33] Here, a 7.5 MHz spherically focused PCD of 
element diameter 12.5 mm and focal length 75 mm was used. The acquired PCD signal 
was filtered using a 5 MHz high pass filter (FILT-HP5-A, Allen Avionics), amplified 5 
times with a low noise amplifier (Stanford Research Systems, SR445A) and recorded 
with a 14-bit PCI Oscilloscope device (PCI-5122, National Instruments, USA) at a rate 
of 100 MHz. The high-pass filter was used to reject strong reflections from the agarose 
phantom at the fundamental frequency (and harmonics due to non-linear propagation of 
the incident beam). The pressure threshold required to initiate cavitation activity was 
determined by 50-cycle FUS excitation pulses that were ramped at small pressure 
increments under constant flow. A typical PCD data trace consisted of an initial ~85µs 
segment („background‟) that was free of any signal content in the filter pass band, 
followed by scattering and cavitation emissions („signal‟) whose durations varied with 
drive pulse length. The background and signal segments of each trace were analysed in 
MATLAB (Mathworks, USA) to determine if IC had occurred and the full ensemble of 
PCD traces were reviewed to calculate a probability of cavitation at the prescribed 
ultrasound settings. For this analysis, any harmonic components were removed by post-
processing with a digital comb filter. The identification of IC was based upon 
broadband spectral elevation in the signal relative to the background. The harmonic-
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suppressed traces were deemed to exhibit IC when the mean-squared signal was at least 
10 times larger than the background signal. 
 3. Tissue-mimicking agarose phantom: A degassed biocompatible hydrogel 
composed of 1.25 % (w/v) low melting point ultrapure agarose gel with an embedded 1 
mm channel was created by heating and cooling process.[22] The phantom contained 
three 50 mm long channels which allowed multiple conditions to be tested in the same 
gel, thus minimising variability. A clear and acoustically transparent Mylar film was 
used to isolate the gel from the surrounding water and allow free propagation of 
ultrasound. A low-pulsatility peristaltic pump (Minipulse Evolution, Gilson, USA) was 
used to flow the FMSNs or FMSN-SSP suspension at a constant flow rate of 0.2 
mL/min. The flow rate was chosen to avoid channel rupture and leakage while still in 
agreement with previously published data of tumour perfusion.[34] 
 4. Ultrasound imaging: A Philips iU-22 ultrasound scanner was used to provide 
real-time imaging of the flow phantom during the experiment. A linear L12-5 probe was 
placed at an angle of 60° to the FUS and PCD propagation axis and imaging was done 
at a low mechanical index (MI < 0.05), in order to minimise interference with the 
experiment. The imaging allowed monitoring of the channel and its contents during the 
experiments and provided real-time feedback of the therapeutic process.  
 Experimental Procedure: All experiments were carried out in a large tank filled 
with DI water that was degassed overnight prior to each experiment. With the channel 
filled with air, the FUS was driven in pulse-echo mode using a pulser-receiver 
(DPR300, JSR Ultrasonics, USA) in order to ensure that the FUS and PCD were aligned 
with the middle of the flow channel. The sample was then introduced at a constant flow 
rate and was kept flowing during FUS exposures. Figure 1A shows a schematic 
representation of the experimental setup. The input voltages to the FUS matching 
network were also recorded and converted to peak negative pressures using previous 
hydrophone calibrations. Focused ultrasound was applied at different positions within 
the channel, while monitoring both the passive cavitation detector data (to detect 
cavitation during the ultrasound exposure) and performing B-mode imaging 
simultaneously. A photograph of the agarose phantom holder and examples of B-mode 
images taken during the experiments can be seen in Figure 1B and 1C, respectively.  
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Figure 1. Schematic diagram of the experimental setup and the apparatus, containing the 
focussed ultrasound (FUS)  transducer, passive cavitation detection (PCD) 
transducer, tissue-mimicking agarose phantom and diagnostic ultrasound imaging 
device (A), Photograph of the agarose phantom holder showing the gel with one of 
the three flow channels prepared (B) and B-mode images during experiment (C) 
showing displacement of air by incoming sample (top), channel with sample flowing 
(center) and inertial cavitation happening within the channel (bottom). 
Flow channels were flushed with DI water following ultrasound exposure to 
remove any remaining fluorescent particles. A rectangular prism containing the flow 
channel, approximately 40 mm long, was then excised and placed on a glass microscope 
slide to evaluate nanoparticle extravasation through microscopy (extravasation is here 
defined as any particle fluorescence detected outside the flow channel). 
Results and Discussion 
Nanoparticle delivery experiments were carried out in an in vitro agarose phantom 
model. The agarose gel acts as tumour tissue mimicking material, having a porosity in 






















3. Results and Discussion 
  
Cavitation has been previously used to induce the extravasation of nanoparticles 
to tumour tissues.[22,24–26] The main objective of this work is to evaluate in vitro the 
extravasation of MSNs in the presence of acoustic cavitation with or without SSPs. 
Previously dried FITC-labelled MSNs (FMSNs) were dispersed in degassed water at a 
concentration of 200 µg/mL. The cavitation threshold of the FMSNs suspension under 
flow through the agarose phantom was evaluated at two different frequencies (0.5 and 
1.6 MHz) (Figure 2). The duty cycle (DC) in both cases was limited to 5 % in order to 
minimise ultrasound-induced hyperthermia. IC could be detected at both frequencies 
with those FMSN suspensions (and no cavitation could be detected under the applied 
pressures at any frequency with just degassed water). At 0.5 MHz, cavitation was 
observed at pressures as low as 0.6 MPa, and a threshold was observed at 2 MPa where 
sustained cavitation (probability > 0.7) is achieved. At 1.6 MHz, cavitation was first 
observed at 1.5 MPa and linearly increased to a probability of 0.71 at 4.3 MPa.   
 
Figure 2. Probability of IC curves of FMSN in degassed water (200 µg/mL) exposed to 
ultrasound at 0.5 or 1.6 MHz. Data are Means ± SD, N=3. 
The IC detected with FMSN suspensions could be attributed to air trapped 
during drying process which could be on the surface or inside nanoparticle 
aggregates.[36] FMSN suspensions were evaluated by Dynamic Light Scattering (DLS) 
to check for nanoparticle aggregates (Figure S1). While no significant percentage of 
nanoparticle aggregates could be observed in the number percentage, some aggregates 
of several microns were detected in the intensity percentage (where larger particulates 
give more intense signals). 
Having confirmed the onset of IC when exposing FMSN suspensions to focused 
US, the extravasation and delivery of those FMSNs in the agarose flow phantom model 
was evaluated next. FMSN suspensions flowing through the agarose phantom were 
exposed to focused ultrasound at 0.5 and 1.6 MHz, at two different PRP for each 
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cut and observed under the fluorescence microscope. Figure 3 shows a schematic 
representation of the nanoparticle delivery experiments and representative images of the 
results. Extravasated nanoparticles can be seen as green fluorescent spots in the agarose 
gel, outside the flow channel. As expected, the extravasation of FMSNs was more 
successful at higher pressures for each frequency, particularly once the cavitation 
threshold identified in Figure 2 was crossed. Differences were observed in the 
extravasation profiles, with 1.6 MHz achieving higher penetration depths but a more 
directional extravasation profile compared to 0.5 MHz, presumably due to the greater 
effect of acoustic radiation force at the higher frequency. 
 
Figure 3. Scheme of FMSN delivery experiments in the agarose phantom model (A). 
Representative microscopy images of Nanoparticle delivery in the agarose phantom 
model under different different frequency (0.5 or 1.6 MHz) and pressure (1-4 MPa) 
conditions at the same duty cycle (5%) (N=3), showing bright field (left), green 
fluorescence (center) and green fluorescence in a cross section of the flow channel 
(right) (B-F). Scale bars represent 500 µm.  
The main rationale behind the use of MSNs in nanomedicine is the possibility of 
including drugs and other small molecules inside their pores to be then released in a 
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in the same model, but using loaded nanoparticles, to see if they could act as drug 
carriers while still being capable of propelling themselves into the tumour when 
insonified. FMSNs were therefore loaded with rhodamine B (FMSN-RhB). The 
successful loading can be observed by the colour change in the material, as well as by 
the FTIR spectrum and small angle XRD patterns (Figure S2). The drastic changes in 
BET surface area (from 1050 m
2
/g to 560 m
2
/g) and pore volume further confirm that 
the mesopores of the material have been occupied by rhodamine B. TEM micrographs 
also show that the ordered porosity is maintained after cargo loading and nanoparticle 
washing. Release experiments of the dye from FMSN-RhB show a sustained release of 
the cargo into the aqueous medium (Figure S3). Rhodamine B release followed first 
order kinetics, with a faster initial release followed by a slower release that can last for 
several days, as previously observed for mesoporous drug release matrices.[12,37]  
The cavitation activity of a suspension of FMSN-RhB exposed to 1.6 MHz 
focused ultrasound was also evaluated following the same procedure as had been 
performed for FMSN and is shown in Figure S4. Results are very similar to FMSN 
indicating that the loading of the dye did not affect the cavitation activity of the particle 
suspensions. The size distribution of FMSN-RhB evaluated by DLS was similar to 
FMSN, with some aggregates being detected only in the intensity percentage 
distribution (Figure S5). 1.6 MHz, 4 MPa was chosen for the FMSN-RhB delivery 
experiments, as the extravasation profiles observed at these settings were easier to 
detect under the microscope. Figure 4 shows the successful extravasation of the 
nanoparticles into the agarose gel (green fluorescence). The fluorescence of the cargo 
(red channel) can also be observed, both inside the nanoparticles (fluorescent spots 
colocalizing with the nanoparticles, in the green channel), and partially released from 
the material. This could be explained because the gels were cut and imaged shortly after 
delivery, so the model drug did not have enough time to be released and diffuse in the 
surrounding tissue, as would be the case in an in vivo scenario. Dye fluorescence can 
also be observed around the channel, due to the diffusion of fluorophore released during 
nanoparticle flow through the channel.  
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Figure 4. Representative microscopy images of FMSN-RhB delivery in the agarose phantom 
model without ultrasound (A) or with FUS exposure at 1.6 MHz and 4 MPa (B), 
showing bright field (left), green fluorescence (center) and red fluorescence (right) 
(N=3). Scale bars represent 500 µm. 
These results show the feasibility of using MSNs as carriers of small molecules 
that could be propelled by the application of focused ultrasound through the onset of IC. 
However, the pressures required to induce MSN extravasation and delivery with FUS 
might be too high for the clinical application of this strategy. The use of cavitation 
nuclei has gathered a lot of attention in recent years, since their usage can greatly 
decrease the pressure threshold needed to generate cavitation.[27,38] Among the 
different cavitation nuclei that have been used to enhance drug delivery, submicrometer 
sized particles hold great promise due to their capacity of extravasating along with the 
therapeutic, and further propelling the drug into the tissue of interest. Microbubbles on 
the other hand would be restrained in the vascular compartment and unable to 
extravasate along with the therapeutic being employed.[30] However, combining 
cavitation nuclei directly with an anticancer drug would only provide an initial dose of 
the drug, without establishing a stable concentration of the drug over time. For these 
reasons, we studied the combination of mesoporous silica nanoparticles with 
submicrometric polymeric cups. In this manner, a lower ultrasound pressure could be 
applied to extravasate MSNs, which would then act as a reservoir of the drug that would 
be released in the tumour area. Figure 5 shows the successful delivery of FMSNs into 
the agarose gel using 1.6 MHz FUS at just 2 MPa of pressure, a pressure which is 
readily achievable clinically without significant bioeffects and at which no 
extravasation had been previously observed in the absence of cavitation nuclei (Figure 
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exceeded the energy reached at double the pressure without SSPs (Figure S6). 
Temperature elevation measurements were also performed with a fine wire 
thermocouple during FUS exposure (1.6 MHz, 4 MPa, 300 pulses, PRT of 100 ms) 
using both water or a SSPs suspension. The temperature increase produced under those 
conditions was negligible, below 1 ºC, indicating that thermal effects were unlikely to 
be the driving cause of any of the observed results (Figure S7). All of these results 
highlight the great potential of the combination of both types of particles for therapeutic 
application in drug delivery. 
 
Figure 5. Schematic of combining MSNs with SSPs (A). Representative microscopy images of 
nanoparticle delivery in the agarose phantom model (FMSN in combination with 
SSPs), showing bright field (left), green fluorescence (center) and green fluorescence 
in a cross section of the flow channel (right) (B) (N=3). Scale bar represents 500 µm. 
Finally, the combination of SSPs and FMSN-RhB shows significant delivery of 
FMSN-RhB to the agar gel, using 1.6 MHz US driven at 2 MPa PRP (Figure 6). 
Rhodamine B can be observed both still inside MSN and partially released into the 
surrounding gel. These results can be interpreted as a proof of concept of our approach, 
co-injecting SSPs with loaded MSN. A combination of both materials could be injected 
in a patient and US could be applied in the tumour area, activating SSPs and inducing 
IC in the area, propelling the particles towards the tumour tissue. Thus, drug-loaded 
MSN would be embedded in the tissue, which would then slowly release an anticancer 
drug close to its target cancer cells.  
+
MSNs SSPs
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Figure 6. Representative microscopy images of dye-loaded nanoparticle delivery in the agarose 
phantom model (FMSN-RhB in combination with SSPs), showing bright field (left), 
green fluorescence (center) and red fluorescence (right) (B) (N=3). Scale bar 
represents 500 µm. 
Conclusions 
Ultrasound-induced inertial cavitation (IC) has been shown here to enable enhanced 
extravasation of mesoporous silica nanoparticles in an in vitro flow-through agarose 
tissue phantom. Both empty and dye-loaded nanoparticles were shown to extravasate 
into the agarose gel at ultrasound pressures beyond the IC threshold. The combination 
of those nanoparticles with submicrometric cavitation nuclei was demonstrated as a 
much more efficient way of inducing nanoparticle extravasation, decreasing the 
pressure needed to observe the desired extravasation effect by half. A two-stage strategy 
for the combination of both agents therefore emerges: in the initial step, the cavitation 
nuclei will drive nanoparticle extravasation and distribution throughout the tumour 
tissue when activated by focused ultrasound; mesoporous silica nanoparticles embedded 
in the target tissue then slowly release the drug of interest directly in the tumour mass. 
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Figure S2. Characterization of FMSN (blue) and FMSN-RhB (red). Photograph of the materials 
(upper, left), TEM micrographs (upper, right), FTIR spectra (center, left) and Small Angle X-
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Figure S3. Release profile of Rhodamine B from FMSN-RhB in water at 37 ºC versus time. 
Dots represent data points, curve corresponds to kinetic fitting to first order kinetic model 
(equation and coefficient of determination shown in the figure). N=3. 
 
Figure S4. Probability of inertial cavitation curves of FMSN-RhB in degassed water (200 
µg/mL) exposed to ultrasound at 1.6 MHz. 
 
Figure S5. FMSN-RhB size distribution in water (200 µg/mL) by DLS in Number (top) or 
Intensity percentage (bottom). 
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Figure S6. Power spectra of the PCD data during agar phantom experiments with different 
samples and pressures with 1.6 MHz HIFU (broadband signals indicate inertial cavitation 
happening within the flow channel) (A-D), Cavitation energy plots comparing the different 
experimental conditions (E). 
 
Figure S7. Temperature measurements performed with a thermocouple inserted within the agar 
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3. Resultados y Discusión 
  
El tercer bloque de Resultados y Discusión de la presente tesis doctoral versa sobre el 
uso de vehiculización celular para lograr el transporte hacia tumores de MSNs sensibles 
a US.  
 A pesar de los prometedores resultados iniciales, la nanomedicina aún no ha sido 
capaz de satisfacer las expectativas sobre su eficacia en el tratamiento oncológico.
1
 Una 
de las principales barreras que impiden el desarrollo de terapias eficaces basadas en 
nanopartículas es la distribución de las mismas, debido a la amplia variabilidad del 
efecto EPR. Esto conduce a que, en términos de porcentaje, menos del 1 % de la dosis 
inyectada de nanopartículas sea capaz de alcanzar el tumor.
2–4
 Una estrategia alternativa 
a la dependencia de la vectorización pasiva (EPR) y activa de nanopartículas es la 
utilización de vehículos celulares.
5,6
 Ciertos tipos de células con capacidad migratoria 
hacia tumores y otros tejidos patológicos pueden emplearse como vehículos para 
transportar las nanopartículas hasta el tejido diana. Por ejemplo, se han propuesto para 
ello macrófagos, bacterias, linfocitos y células madre mesenquimales.
7–13
 Las células 
madre mesenquimales (MSCs) son células adherentes de proliferación rápida capaces de 
diferenciarse en distintos tipos celulares (multipotentes).
14
 Además, pueden secretar 
distintas hormonas y factores de crecimiento, y poseen propiedades 
inmunomoduladoras. Pueden obtenerse de distintas fuentes, tales como tejido adiposo, 
médula ósea o placenta (Figura 1).  
 
Figura 1. Fuentes que pueden emplearse para obtener MSCs, así como algunas de sus 
principales características. Reproducido con permiso.
15
 
Distintos tipos de células mesenquimales han demostrado capacidad migratoria 
hacia tumores.
10,12
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placenta humana  (DMSCs por sus siglas en inglés) son especialmente prometedoras, 
debido a su facilidad de obtención y su gran homogeneidad.
16
 Al ser células adultas, 
carecen de los inconvenientes éticos que presentan las células madre embrionarias. Las 
DMSCs migran hacia tumores tanto in vitro como in vivo.
17
 Además, son capaces de 
disminuir el crecimiento de tumores primarios así como de tumores secundarios.
17
 Por 
todas estas características, las DMSCs se presentan como una opción prometedora para 
actuar como vehículos de nanopartículas.  
En el Capítulo 3.3.1 se evalúa la capacidad de las DMSCs para internalizar y 
transportar MSNs hacia tumores, tanto in vitro como in vivo. Los contenidos de dicho 
capítulo se encuentran recogidos en un artícuo publicado en la revista Acta 
Biomaterialia, que puede encontrarse más adelante.
18
 Las MSNs mostraron no ser 
tóxicas para las DMSCs, y fueron internalizadas rápidamente por las células, quedando 
retenidas en su interior durante al menos 5 días. Las MSNs con carga superficial 
positiva fueron internalizadas de forma más eficiente que las MSNs con carga negativa. 
La capacidad migratoria tanto in vitro como in vivo de las DMSCs se mantuvo tras la 
incorporación de nanopartículas en su interior. Finalmente, en un co-cultivo de DMSCs 
con células tumorales de mama (NMU)
19
 se observó la muerte de las NMU cuando se 
habían introducido MSNs cargadas con doxorrubicina en las DMSCs.  
 Después de demostrar la capacidad de las DMSCs para captar las MSNs y 
transportarlas hacia tumores, nos encontramos con la necesidad de asegurar la 
supervivencia de las células transportadoras durante el trayecto hasta el tumor. Si las 
DMSCs están transportando nanopartículas cargadas con un fármaco citotóxico, la 
liberación prematura del mismo podría comprometer la viabilidad y capacidad 
migratoria de las DMSCs antes de que estas sean capaces de llegar al tejido diana.
13
 
Para atacar este problema, y para tener un control real de cuándo y dónde se produce la 
liberación, en el capítulo 3.3.2 se evalúa la capacidad de las DMSCs para transportar 
MSNs con liberación sensible a US. Para ello, se tuvo que llevar a cabo una 
modificación de la superficie de las nanopartículas sensibles a US, mediante el 
recubrimiento con el policatión polietilenimina (PEI), con objeto de aumentar su 
internalización en las DMSCs.
20,21
 Este capítulo se encuentra recogido en un artículo 
publicado en la revista Nanoscale, que puede encontrarse más adelante.
22
 El 
recubrimiento de las nanopartículas híbridas con PEI para dotarlas de carga positiva 
aumentó de forma drástica su internalización por parte de las DMSCs, tal y como se 
esperaba. Este resultado se encuentra en consonancia con los resultados obtenidos en el 
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Capítulo 3.3.1 con respecto al efecto de la carga superficial de las MSNs en su 
interacción con las DMSCs. La capacidad de respuesta a US de las nanopartículas 
híbridas tras el recubrimiento con PEI fue comprobada in vitro e in vivo. Tanto la 
capacidad de respuesta de las nanopartículas como la capacidad migratoria in vitro de 
las DMSCs se mantuvieron tras la internalización de las nanopartículas por parte de las 
células transportadoras. Finalmente, se evaluó el potencial terapéutico de esta estrategia 
mediante un co-cultivo con células NMU, observando toxicidad de la doxorrubicina 
liberada desde las nanopartículas sólo tras la aplicación de US, demostrando así el 
control de la liberación de fármacos en un escenario in vitro. 
 Las células madre mesenquimales como agentes terapéuticos también se han 
estudiado ampliamente en el contexto de la terapia génica mediante la expresión de 
genes suicidas.
23
 Los genes suicidas codifican proteínas que, directa o indirectamente, 
conducen a la muerte de la célula que expresa el gen, y también pueden afectar a células 
circundantes. Esta muerte de células tumorales próximas a la célula que expresa el gen 
suicida se denomina "efecto espectador" (bystander effect en inglés).
24–26
 La expresión 
de un gen suicida por las células mesenquimales nos permitirá provocar la muerte de 
células tumorales circundantes tras la migración al tejido tumoral. El Capítulo 3.3.3 
comprende la utilización de las MSNs sensibles a US con el recubrimiento de PEI como 
agentes de transfección para inducir la expresión de un gen suicida en las DMSCs, 
evaluando la muerte de células tumorales co-cultivadas con ellas como consecuencia del 
efecto espectador. El gen suicida seleccionado, que se inserta en el recubrimiento de 
PEI de las nanopartículas, permitirá la conversión de un profármaco no tóxico, la 5-
fluorocitosina que puede inyectarse por vía intravenosa, en una especie altamente 
tóxica. Esta estrategia podría combinarse con la ya desarrollada introducción de un 
fármaco antitumoral en las MSNs cuya liberación sería promovida por la aplicación de 
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stem cellsa b s t r a c t
The potential use of human Decidua-derived mesenchymal stem cells (DMSCs) as a platform to carry
mesoporous silica nanoparticles in cancer therapy has been investigated. Two types of nanoparticles
were evaluated. The nanoparticles showed negligible toxicity to the cells, a fast uptake and a long reten-
tion inside them. Nanoparticle location in the cell was studied by colocalization with the lysosomes.
Moreover, the in vitro and in vivomigration of DMSCs towards tumors was not modified by the evaluated
nanoparticles. Finally, DMSCs transporting doxorubicin-loaded nanoparticles were capable of inducing
cancer cell death in vitro.
Statement of Significance
The use of nanotechnology for anticancer drug delivery has recently attracted great interest.
Nanoparticles such as mesoporous silica nanoparticles (MSNs) can reach tumors, either by passive target-
ing, through the enhanced permeability and retention (EPR) effect, or active targeting, through the func-
tionalization of nanoparticle surface. However, nanotechnology has not yet achieved the expected results
in improving drug targeting, highlighting the need for a better localization of the nanoparticles in the
tumors. Human mesenchymal stem cells from the decidua of the human placenta (DMSCs) have been
observed to migrate towards tumors in a preclinical model of breast cancer. Moreover, they have been
shown to inhibit growth of primary tumors and development of new tumors. In this work, combining
MSNs and DMSCs, we have studied for the first time whether placental stem cells could be employed
as a platform to load nanoparticles and carry them towards tumors for future anticancer therapies.
 2016 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.1. Introduction
The use of nanotechnology for drug delivery is nowadays
changing the fields of biotechnology and biomedicine, allowing
the incorporation of multiple therapeutic, sensing and targeting
agents into nanoparticles (NPs) [1,2]. Those NPs can be manufac-
tured with a great variety of compositions and/or structures [3].
Among the different types of NPs, mesoporous silica NPs offersuperior structural properties compared to other NPs, such as,
large surface area and pore volume, tunable pore sizes, colloidal
stability and robustness that allows straightforward functionaliza-
tion of the silica walls [4–6]. NPs have been widely investigated as
carriers for targeted drug delivery to cancer cells because they can
overcome several inconveniences of systemic drug administration,
such as poor solubility and limited stability of several drugs and
side-effects due to non-specific uptake of the cytotoxic drugs by
healthy cells [7–9]. In this sense, a key aspect of this technology
is that NPs can be targeted and delivered into the tumors, which
can be achieved by either passive targeting, through the enhanced
permeability and retention (EPR) effect [10,11], or active targeting,
through the functionalization of nanoparticle surface with certain
affinity ligands that would be specifically recognized by the
targeted diseased cells [12]. However, the recent progress in
276 J.L. Paris et al. / Acta Biomaterialia 33 (2016) 275–282nanotechnology has not achieved the expected results in improv-
ing drug targeting [13,14], highlighting the need of a better local-
ization of the nanoparticles towards the tumor sites.
Human mesenchymal stem cells (MSCs), which are multipotent
progenitors cells that maintain and regenerate connective tissues
[15], present migratory properties towards tumors. Those inherent
tumor tropism and migratory properties suggest their possible use
as carriers of NPs to isolated tumors and metastatic diseases
[16,17]. A particular type of MSCs, those from the decidua of
human placenta, have shown migratory capacity towards tumors
in vitro, as well as in a preclinical model of breast tumors [18].
Although the driving force for DMSCs to migrate into tumor sites
is unknown, it is already well known that human MSCs have high
tropism towards tumors [19]. The inflammatory tumor microenvi-
ronment enables human MSCs to specifically home to tumor tis-
sues. Several factors such as cytokines, growth factors, receptors,
extracellular matrix and inflammation factors appear to be
involved in this migration capacity [20,21]. More interestingly,
DMSCs have been observed to inhibit the growth of primary
tumors and the development of new tumors [18]. These observa-
tions, together with the facts that DMSCs are easy to obtain and
constitute a homogeneous population, inspired the idea of using
them as therapeutic agents and as cellular vehicles of nanoparticles
towards tumors.
The aim of the present work is to exploit the benefits of the
chemistry and biology of both systems. On one hand, NPs can be
loaded with different chemical molecules and their surface can
be easily modified with diverse chemical groups. On the other
hand, the biological abilities of DMSCs, including the migration fea-
tures towards tumors and the inherent inhibition of the growth of
certain tumors, motivated the use of those cells as carriers of NPs
towards tumor cells. Although the idea of introducing NPs in MSCs
has been already reported for actively targeted delivery [22], this
article investigates for the first time whether human DMSCs could
be employed as a platform to load NPs and carry them to tumors
for future anticancer therapies.
DMSCs, like other MSCs, are adult stem cells without the ethical
concerns of embryonic cells, they present a low risk of viral infec-
tion and have low or non-immune response, and also show geno-
mic stability under extended culture periods. Further, DMSCs
present additional advantages respect to other MSCs sources, such
us, the cells are easy to obtain, in a greater number and without
invasive procedures. Moreover, the capacities of proliferation and
differentiation of MSCs from other sources such as bone marrow
or adipose tissue, are variable and dependent of the donor age
while DMSCs present a high proliferation and differentiation
capacity. All these characteristics of DMSCs suggest that they could
be considered a good and safe product for future clinical
applications.
This work explores the internalization of two different types of
NPs into DMSCs, the cellular retention capacity of the NPs, their
effect on DMSCs survival and, the in vitro and in vivo migration
capacity towards mammary tumor tissue. Also, the capacity of
DMSCs carrying drug-loaded NPs to induce cancer cell death was
evaluated. The integration of NPs with DMSCs would allow the
design of a multifunctional platform for effective treatment of dis-
eases such as cancer.2. Experimental section
2.1. Fabrication and characterization of dye-doped NPs
NPs were synthesized by modifying previous methods [23].
Briefly, APTES-dyes were synthesized by labeling 3-aminopropyl
triethoxysilane (APTES) with active groups of dyes. For example,22APTES (2.2 lL) was labeled with 1 mg of fluorescein isothiocyanate
(FITC) in 100 lL of ethanol solution. The reaction mixture was stir-
red at room temperature for 2 h. Separately, cetyl-
trimethylammonium bromide (CTAB) (1 g) was dissolved in
480 mL of deionized water and 3.5 mL of 2 M NaOH were added
with magnetic stirring. The mixture was heated to 80 C and left
for 30 min. Then, 5 mL of tetraethyl orthosilicate (TEOS) for
negatively-charged NPs (neg-NPs), or a mixture of TEOS and APTES
(4.5 and 0.5 mL, respectively), for positively-charged NPs (pos-
NPs), was added slowly during 20 min, then the particles were left
at 80 C under stirring for 2 h. The resulting particles were col-
lected by centrifugation and then washed three times with deion-
ized water and ethanol, respectively. The surfactant template was
removed by ion exchange using an extracting solution of NH4NO3
(10 mg/mL) in EtOH (95%). The particles were suspended in that
medium and magnetically stirred at 75 C overnight. The particles
were centrifuged and washed three times with deionized water
and ethanol. Surfactant removal was confirmed by thermogravi-
metric analysis.
All the reagents used for the synthesis of NPs were commercial
products (Sigma–Aldrich, Spain) and were used without further
purification.
The materials were analyzed by X-ray diffraction (XRD) in a
Philips X-Pert MPD diffractometer equipped with Cu Ka radia-
tion. Thermogravimetry and Differential Temperature Analysis
(TGA/DTA) were performed in a Perkin Elmer Pyris Diamond
TG/DTA analyser, with 5 C/min heating ramps, from room tem-
perature to 600 C. Fourier Transformed Infrared (FTIR) spectra
were obtained in a Nicolet (Thermo Fisher Scientific) Nexus
spectrometer equipped with a Smart Golden Gate Attenuated
Total Reflectance (ATR) accessory. Surface morphology was anal-
ysed by Scanning Electron Microscopy (SEM) in a JEOL 6400
Electron microscope. Transmission Electron Microscopy (TEM)
was carried out with a JEOL JEM 2100 instrument operated at
200 kV, equipped with a CCD camera (KeenView Camera). N2
adsorption was carried out on a Micromeritics ASAP 2010 instru-
ment; surface area was obtained by applying the Brunauer,
Emmet & Teller (BET) method to the isotherm and the pore size
distribution was determined by the Barrett, Joyner & Halenda
(BJH) method from the desorption branch of the isotherm. The
mesopore size was determined from the maximum of the pore
size distribution curve. The Z-potential and hydrodynamic size
of nanoparticles were measured in deionized water by means
of a Zetasizer Nano ZS (Malvern Instruments) equipped with a
633 nm ‘‘red” laser.2.2. Isolation and culture of DMSCs
Human placentas from healthy mothers were obtained from the
Department of Obstetrics and Gynecology under written informed
consent approved by the Ethics Committee from Hospital Universi-
tario 12 de Octubre. Processing of placental membranes and culture
of primary cells was done as previously described [18,24]. Briefly,
extra- embryonic membranes (amnion, chorion [fetal origin] and
decidua [maternal origin]) were processed by enzymatic digestion
with trypsin–EDTA (Lonza, Spain). Isolated cells were grown in
Dulbecco’s modified Eagle’s medium (DMEM) supplemented with
2 mM of glutamine, 0.1 mM of sodium pyruvate, 55 mM b-
mercaptoethanol, 1% non-essential amino acids, 1% penicillin/
streptomycin, 10% fetal bovine serum and 10 ng/mL of EGF (epider-
mal growth factor), at 37 C, 5% CO2 and 95% humidity. Non-
adherent cells were discarded after 5 days. In our preceding study,
we reported the morphology, phenotype, maternal origin and
MSCs characteristics of DMSCs [24]. At confluence, adherent cells
were passaged and seeded at a density of 104 cells per cm2.0
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DMSCs were plated 24 h before the start of the experiment in
culture multiwell plates at a density of 104 cells per cm2. After
incubation with 200 lg/mL particles for 2 h, the media were
replaced by fresh media and cells were incubated for one addi-
tional hour. The cells were fixed with Z-fix solution (Anatech,
USA) for 15 min, permeabilized with 0.1% Triton X-100 in phos-
phate buffer saline (PBS) solution, at room temperature, for
5 min and, subsequently incubated for 20 min with Alexa Flu-
or568 phalloidin (Invitrogen, Spain) for staining F-actin. DAPI
(40, 60 diamidino-2-phenylindole) at 1 lg/mL was used to stain
and visualize the nuclei. Fluorescence microscopy was performed
with an Evos FL Cell Imaging System equipped with tree Led
Lights Cubes (lEX (nm); lEM (nm)): DAPI (357/44; 447/60), GFP
(470/22; 525/50), RFP (531/40; 593/40) from AMG (Advance
Microscopy Group). Quantitative analysis of cellular uptake was
performed by flow cytometry (FACS). 200 lg/mL particles were
incubated with the DMSCs for the indicated time points, and then
removed by washing three times and cells were incubated for one
additional hour. Subsequently, the cells were trypsinised, collected
by centrifugation and redispersed in PBS solution with trypan blue
(0.5%) to remove extracellular fluorescence. The fluorescence
intensity of 10,000 cells was quantified by FACS. Statistical analysis
for differences between groups was carried out by the Student’s t
test.
Quantitative analysis of retention ability of particles was per-
formed by FACS. Particles at a concentration of 200 lg/mL were
incubated with the MSCs for 2 h, and then removed by washing
three times. The cells were then cultured in fresh medium for indi-
cated time points. Subsequently, the cells were collected by
trypsinization and centrifugation, and redispersed in PBS solution
with trypan blue (0.5%). The fluorescence intensity of 10,000 cells
was quantified by FACS. The fluorescence intensities obtained after
the first day were corrected by the cell dilution folds due to cell
division.
2.4. Intracellular fate of NPs
For the co-localization of NPs and lysosomes, the cells were
incubated with 200 lg/mL particles for 2 h. The cells were washed
twice with PBS solution. Then, lysosomes were stained with the
Cell Tracker Lysosome staining kit following the manufacturer
protocol (AAT Bioquest, Inc, USA). The cells were washed twice
with PBS, and then fresh medium was added. The cells were fixed
and stained with DAPI as previously described. Fluorescence
microscopy was performed with an Evos FL Cell Imaging System.
2.5. Cytotoxicity of NPs
The cytotoxicity of NPs was evaluated using the following stan-
dard protocols:
Lactate dehydrogenase (LDH) activity test: extracellular LDH
activity was measured in the media using the kit for quantitative
determination of LDH (Spinreact, Spain). DMSCs were incubated
with NPs for 24 h at different concentrations. Then, the culture
medium was collected for measuring the extracellular LDH activ-
ity. The LDH activity was directly measured by spectrophotometer
at 340 nm in the culture medium following the manufacturer
protocol.
MTS (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphe
nyl)-2-(4-sulfophenyl)-2H-tetrazolium) assay: the MTS reduction
assay was performed using a commercial assay and following the
manufacturer’s protocol (CellTiter Aqueous One Solution Cell Pro-
liferation Assay). Briefly, DMSCs were incubated with various con-
centrations of NPs for 2 h (n = 3). The medium was replaced with221600 lL culture medium including MTS, and the incubation pro-
ceeded for 3 h. The medium was then removed, and its absorption
at 490 nm was measured using a microplate reader.
2.6. Tissue homogenates from NMU-induced mammary tumors
N-nitroso-N-methylurea (NMU) tumors were induced in 45-
day-old Sprague–Dawley female rats according to our previously
published protocol [25]. Concisely, NMU (Sigma–Aldrich, Spain)
was administered once a week during two weeks by intra-
peritoneal injection at a concentration of 5 mg/100 g rat body
weight. As well, metoclopramide (0.125 mg/L) was administered
in the drinking water. Animals were palpated weekly for the detec-
tion of mammary tumors. The tumors were disected out from the
animals, immediately frozen in liquid nitrogen and subsequently
stored at 80 C until use.
Homogenates were performed at 4 C as we previously
described [18]. The protein concentration was measured using
the Lowry protein assay kit (Biorad, Spain) following the manufac-
turer’s instructions.
2.7. Transwell assay
The in vitro effect of mammary tumor homogenate on DMSCs
migration capacity was determined using Millicell culture plate
inserts with 8 lm pore polycarbonate membranes (Merk Millipore,
Spain) in 24-well plates. Briefly, 1.5  105 DMSCs in 300 lL of
serum-free DMEM were seeded in the insert. Tumor homogenate
(5 mg/mL of protein concentration was added in the well below).
Migration medium (serum-free DMEM) without tissue was used
as a negative control. Migration was assessed at 24 h by the CytoS-
elect 24-Well Cell Migration Assay (8 lm, Colorimetric, Cell Bio-
labs, Bionova Cientifica, S.L., Spain). Non-migratory cells were
removed from the top of the membrane and migratory cells on
the bottom of the polycarbonate membrane were stained with
the cell stain solution. Migratory cells were visualized (three indi-
vidual fields per insert) using a light microscope under 40 magni-
fication objective. Color of stained cells was subsequently
extracted with the extraction solution, and quantified by absor-
bance at 560 nm using the multimodal plate reader Enspire (Perkin
Elmer). All experiments were done as a minimum in triplicate.
2.8. In vivo migration
To evaluate the in vivo migration capacity of NP loaded DMSCs,
cells were incubated with pos-NPs as previously described. After
washing non-internalized NPs, 106 cells were injected into the cir-
culation through the tail-vein of Spraw-Dawley rats with NMU-
mammary tumors. Seventy-two hours later, rats were anes-
thetized, and mammary tumors were removed and stored at
80 C until use. Frozen tissue was sectioned in the cryostat, fixed
and treated with Sudan Black (Sigma–Aldrich, Spain) to remove
self-fluorescence following the manufacturer’s instructions. The
nuclei were stained with DAPI for 1 min and sections were
mounted with Vectashield and the tissue sections were visualized
by fluorescence microscopy.
2.9. In vitro experiments with doxorubicin-loaded NPs
Doxorubicin was loaded in neg- and pos-NPs by stirring 10 mg
of NPs in 5 mL of a 1 mg/mL solution of doxorubicin in PBS for 24 h.
Doxorubicin-loaded NPs (DOX-NPs) were washed by centrifuga-
tion and redispersion in PBS several times.
DMSCs were incubated with 200 lg/mL DOX-NPs for 2 h and
washed with PBS to remove non-internalized nanoparticles. Cell
viability was evaluated after 2 h, 1 day and 2 days by Alamar Blue
278 J.L. Paris et al. / Acta Biomaterialia 33 (2016) 275–282assay (Promega, Spain), following the manufacturer´s instructions.
Briefly, 10% of the reagent was added to the culture medium with
the DMSCs and incubated at 37 C for 1 h. Then, fluorescence at
560EX nm/590EM nm was measured in a microplate reader. Cell
viability was then analyzed as a percentage of the control wells
(DMSCs not exposed to DOX-NPs).
In order to determine the feasibility of using DOX-NPs inside
DMSCs as a platform for future anticancer therapies, DMSCs with
DOX-pos-NPs were co-cultured with NMU rat mammary cancer
cells (ATCC, LGC Standards S.L.U., Spain). NMU cells were cultured
in 24 well plates at a density of 20,000 cells per well. Twenty-four
hours later, three wells were trypsinized and cells were counted.
Then, DMSCs with DOX-pos-NPs (incubated as described previ-
ously) were seeded in Transwell culture inserts (0.4 lm pore,
polycarbonate membranes, tissue cultured treated, Costar) in
two different DMSCs:NMU ratios (1:2 and 1:5). After 4 days, the
inserts were removed and NMU cells were trypsinized and stained
with BD PharmingenTM FITC Annexin V Apoptosis Detection Kit I,
following the manufacturer’s instructions. Then, the cells were
analyzed by FACS. Statistical analysis was performed by the Stu-
dent’s t test.
3. Results and discussion
In order to evaluate DMSCs as potential carriers of NPs, meso-
porous silica NPs (neg-NPs and pos-NPs) were synthesized accord-
ing to a modified Stöber method [23]. Both types of NPs were
covalently labeled with fluorescein by co-condensation during
nanoparticle synthesis in order to be able to follow the fate of
the NPs in contact with cells by fluorescence microscopy. Regard-
ing particle morphology, SEM micrographs showed NPs, neg-NPs
and pos-NPs, with spherical shape. Additionally, well-ordered
mesoporous channels could be appreciated in the corresponding
TEM micrographs (Fig. 1). In fact, typical XRD patterns of MCM-
41 type materials were observed in all cases, with the three char-
acteristic maxima (100), (110) and (200), confirming the 2D hexag-
onal order of the mesopores arrangement (Fig. S1). N2 adsorption
isotherms observed in all cases were type IV, with typical surface
areas (1051 and 1109 m2/g) and pore diameter (2.8 and 2.5 nm)
for this type of negatively and positively-charged NPs, respectively.
The NPs show a hydrodynamic particle diameter of ca. 190 nm. The
charge of the NPs was confirmed through Z-potential (31.5 mV
and +23.3 mV, respectively), and the organic functionality through





Fig. 1. TEM (a, b) and SEM (c, d) micrograph
22With respect to the interaction of the particles with the cells, in
addition to size and shape, the NP surface is also a very important
feature. The mechanism of NP internalization into the cell is gener-
ally via endocytosis [26], a process in which extracellular materials
are intracellularly incorporated into a membranous vesicle. The
chemical groups attached to the surface of the NPs strongly influ-
ence their interaction with biological entities and, therefore, their
internalization. In this sense, the surface of NPs can be easily mod-
ified through a functionalization process with a great variety of
organic groups [27]. In an effort to evaluate the contribution of sur-
face chemistry, the effect of both charge and functionality on the
cellular uptake, neg-NPs and pos-NPs was tested.
First, we incubated NPs with DMSCs to evaluate the toxicity of
the nanoparticles on these cells in culture. Both negatively and
positively-charged NPs were dispersed in serum-free medium at
different concentrations and incubated with DMSCs for 2 h. Then,
the nanoparticles were withdrawn and the cells were cultured in
complete medium for 24 h. Cell viability was examined by LDH
release and MTS reduction assay (Fig. 2).
We observed that there was no increase in LDH released in the
culture medium of DMSCs incubated with the NPs. This indicates
that, at 24 h, the NPs did not induce cell death in DMSCs. Further-
more we looked to confirm these results using an assay that esti-
mates the number of viable cells. The results of the MTS
reduction assay (Fig. 2) show that NPs did not induce significant
toxicity over a very wide range of NP concentrations (at least up
to 1 mg/mL). This is of great value for subsequent experiments
because it is very important to have as much NPs as possible incor-
porated into cells.
Once toxicity was found not to be an issue, the next step was to
evaluate the endocytosis process, studying how long the NPs
remain inside the cells (retention time) and describing their loca-
tion within the cells, whether lysosomal or cytoplasmic. To evalu-
ate the endocytosis process, both types of NPs (negatively and
positively-charged) were dispersed in serum-free DMEM and incu-
bated with DMSCs for different periods of time. The concentrations
of NPs, 100 and 200 lg/mL, were selected to avoid nanoparticle
aggregates outside the cells (Fig. S2). The NP suspension was then
withdrawn and the cells were rinsed three times with PBS. Fluores-
cence microscopy images of DMSCs incubated with neg-NPs and
pos-NPs can be seen in Fig. 3a. After staining cytoplasmatic actin
with AlexaFluor568 Phalloidin (red) and nuclei with DAPI (blue),
NPs with a fluorescent dye attached are observed internalized into





s of neg-NPs (left) and pos-NPs (right).
2
Fig. 2. LDH release by DMSCs with internalized neg-NPs (blue) and pos-NPs (red) for 24 h (left); cytotoxicity assay measured by MTS reduction of neg-NPs (blue) and pos-NPs
(red) in DMSCs at 24 h after endocytosis (right). No significant differences were found at any of the evaluated concentrations (Data presented as Mean ± SD, N = 3). (For
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* * * *
30 min            1 h                 2 h      
Nucleus Lysosomes MSNs Overlap
Fig. 3. Fluorescence images of NP-loaded DMSCs; blue (nucleus), red (cytoplasm), green (NPs) (a), flow-cytometry data regarding neg-NPs (blue) and pos-NPs (red) uptake (b)
and retention (c) (Mean ± SD, N = 3, *p < 0.05), Colocalization study of NPs (green), nucleus (blue) and lysosomes (red) in DMSCs after 3 days (d). (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)
J.L. Paris et al. / Acta Biomaterialia 33 (2016) 275–282 279incubated at 200 lg/mL. The morphology of the cells remained
unmodified after NP internalization (Fig. S3).
When incubating NPs (green) with a concentration of 100 lg/
mL, pos-NPs were observed to be internalized more efficiently than
neg-NPs. The same trend was observed with higher concentrations
(200 lg/mL). Thus, we found that 200 lg/mL and 2 h were the
optimal concentration and incubation time parameters for the best
internalization results. Besides, pos-NPs were internalized better in223DMSCs than neg-NPs, with many particles localized around the
nucleus after 2 h of incubation (Fig. 3a).
The uptake of NPs was quantified using flow cytometry at dif-
ferent times of internalization (Fig. 3b). The cells were dispersed
in trypan blue solution in order to remove extracellular fluores-
cence and quantify only internalized nanoparticles. The results
showed that, at shorter periods of time, the amount of endocytosed
NPs was higher for those negatively charged, probably due to an
280 J.L. Paris et al. / Acta Biomaterialia 33 (2016) 275–282electrostatic interaction of the positively-charged particles with
the cell surface, delaying their internalization. However, after
two hours, both types of NPs were effectively endocytosed, with
percentages of cells with internalized NPs close to 85% in all cases
(Fig. S4).
Fluorescence intensity of internalized particles followed the
same trend, with more neg-NPs internalized after 1 h than pos-
NPs (Fig. 3b). However, after 2 h of incubation, the intensity of
the pos-NPs was higher than the neg-NPs, which indicates that
the former NPs are better internalized than the later. All of these
results are in agreement with previous results in the literature
[28], and could be explained by the stronger interaction of pos-
NPs with negatively-charged phospholipids in the cell membrane.
In order to check that interaction, the same cells dispersed in PBS























Fig. 4. In vitro Transwell migration assay of DMSCs against culture medium (basal),





Fig. 5. Fluorescence microscopy images of sections of NMU-induced rat adenocarcinomas
106 DMSCs). Bright field images (a, c) of the tumor sections and Fluorescence images (b, d
green fluorescence of the pos-NPs, indicating the in vivo migration towards tumors of D
legend, the reader is referred to the web version of this article.)
22membrane-adhered NPs were measured. The fluorescence of
membrane-adhered NPs was estimated as the difference of cell flu-
orescence in PBS and cell fluorescence in trypan blue solution. This
extracellular fluorescence was 2.5 times higher for pos-NPs than
for neg-NPs (data not shown). In any case, the necessary time to
complete the internalization process was found to be 2 h, so this
was the incubation time of NPs with cells for the subsequent
experiments.
Once the NPs have been internalized, the next important
parameter to consider is the retention time of the particles in the
cells. According to previous studies by our group [18], it was found
that 3 days is the necessary time for the DMSCs to reach the tumor
tissues in an in vivo model, so the particles should remain in the
cells a minimum of 3 days. The procedure to evaluate the retention









after in vivomigration of DMSCs (images were taken 72 h after tail-vein injection of
) of the same sections showing blue fluorescence of cell nuclei stained with DAPI and

























































Fig. 6. Flow cytometry results of NMU cells after co-culture in different ratios with
DMSCs or with DMSCs with internalized doxorubicin-loaded pos-NPs (DMSCs-NPs).
NMU population analyzed (a), apoptosis/necrosis evaluation of NMU cells showing
viable cells (lower left quadrant), early apoptotic cells (lower right quadrant) and
late apoptotic/necrotic cells (upper right quadrant) (b–f), percentage of viable NMU
cells after co-culture (g). (Mean ± SD, N = 3, *p < 0.05, **p < 0.01).
J.L. Paris et al. / Acta Biomaterialia 33 (2016) 275–282 281experiment, that is, cells were incubated with 200 lg/mL of both
neg- and pos-NPs for 2 h, then washed and cultured for up to
5 days. Fig. 3c shows the normalized fluorescence intensity per-
centage of the cells at different culturing times, being almost con-
stant for the neg-NPs, whichmeans that those NPs were retained in
the cytoplasm. Pos-NPs fluorescence was kept unchanged at the
initial stages, but after 1 day the intensity increased up to ca.
140%. This could be explained by a slow uptake of membrane-
adhered nanoparticles due to interactions between pos-NPs and
negatively-charged phospholipids at the cell membrane [28]. This
means that in terms of retention capacity, a greater amount of par-
ticles were observed in the group of pos-NPs than in the neg-NPs.
Most importantly, in all cases, NPs were still retained in the cells at
day 5. Taking into account that it takes around 3 days for the cells
to reach the tumor in the in vivo model previously evaluated [18],
those results guarantee that our NPs will be still in the cells when
reaching the tumor tissue, validating our initial hypothesis of using
DMSCs as carriers of nanoparticles.
Once internalization and retention of NPs into living mesenchy-
mal cells were validated, the next step was exploring the location
of internalized NPs in the cells. NPs are normally transported to the
endo-lysosomal system after internalization, and the ability of the
NPs to escape from the lysosomes is an important parameter
regarding the stability of the NPs [17].
A co-localization study was performed in DMSCs with internal-
ized NPs by staining the cell lysosomes (Cell Navigator Lysosome
staining kit) and comparing the location within the cells of lysoso-
mal red fluorescence and NP-associated green fluorescence. We
observed that NPs were located inside lysosomes just after inter-
nalization (Fig. S5), independently of their surface charge. How-
ever, after 3 days, the location of NPs inside the cells was
different for pos-NPs and neg-NPs (Fig. 3d). In neg-NPs, the fluores-
cence due to NPs was co-localized within the lysosomes, which
indicates that neg-NPs were not able to escape the lysosomes in
that time. On the other hand, fluorescence from pos-NPs does
not match the fluorescence of the cell lysosomes at day 3, which
shows that these NPs had escaped the lysosomes, probably by a
charge-dependent mechanism previously described in the litera-
ture [17]. This result indicates that pos-NPs could be a better
option to be transported by DMSCs, as the lysosomal escape would
ensure a less aggressive environment both for the NPs and its
cargo.
All the above results show the stability of NPs in DMSCs, which
is a necessary requirement to combine both elements. The inter-
nalization of the NPs into the cells and their persistence has been
shown so far, so we next evaluated the migration capacity of NP-
loaded DMSCs towards tumors. The in vitro and in vivo migrating
capability of DMSCs towards tumors has been previously observed
by our research group [18]. Here we evaluated if DMSCs with upta-
ken NPs retained those tumor tropism properties in an in vitro
migration study. Thus, their in vitro migration capability was ana-
lyzed in the presence and absence of tumor human breast homoge-
neate using a standardized Transwell migration assay (Fig. 4).
DMSCs without particles (control) and with both types of NPs were
tested.
Compared to the migration in the absence of tumor homoge-
nate, DMSCs migration capacity was almost 4 times higher when
the tumor homogenate was present. Interestingly, the presence
of any of the types of NPs (pos- and neg-) in the cells, did not
appreciably affect the migration capacity of DMSCs toward tumor
homogenate. Thus, combining these migration results together
with cellular uptake, retention time and lysosomal leakage, it is
clear that pos-NPs inside DMSCs is the best combination for the
design of an efficient construct for drug delivery technologies.
Therefore, pos-NPs were chosen to study the in vivo migration of
DMSCs towards mammary tumors. DMSCs were cultured with225pos-NPs and injected into the tail vein of NMU-induced tumor rats.
After 3 days, the tumors were surgically removed, and the presence
of green-fluorescent NPs was examined by fluorescence micro-
scopy. The results presented in Fig. 5 show the presence of NPs
inside the tumors, located around of some nuclei in the tissue. This
indicates that the DMSCs retain their in vivo homing capacity
towards the tumors when carrying NPs. These results show the
ability of the cells to transport the NPs to the diseased site.
282 J.L. Paris et al. / Acta Biomaterialia 33 (2016) 275–282Regarding the antitumor application of this platform, NPs were
loaded with doxorubicin, an anticancer drug. DOX-NPs were then
incubated with DMSCs and cell viability was evaluated by Alamar
Blue assay at different time points (Fig. S6). DOX-neg-NPs induced
significantly higher toxicity in DMSCs than DOX-pos-NPs after
2 days. This effect could be due to the higher doxorubicin loading
capacity of neg-NPs previously reported in the literature [29],
which leads to higher toxicity. As a consequence, DOX-pos-NPs
were chosen for the subsequent experiments.
The therapeutic potential of this approach was evaluated
through an in vitro co-culture assay, using DMSCs with DOX-pos-
NPs and NMU mammary cancer cells. DMSCs with or without
drug-loaded NPs were seeded in the Transwell culture insert and
the insert placed on top of a well that contains the NMU cells.
Two different DMSC:NMU ratios (1:2 and 1:5) were tested. After
4 days, the Transwell inserts were removed and the NMU cells
were evaluated by FACS using an apoptosis/necrosis detection kit
(BD PharmingenTM FITC Annexin V Apoptosis Detection Kit I). The
Fig. 6 shows that a significant fraction of the cancer cells became
apoptotic/necrotic (cells appear in the right quadrants of the dot
plots FL1-H vs FL2-H) only when the DMSCs were carrying DOX-
NPs. Furthermore, this effect also appears to be dose-dependent,
observing lower cancer cell viability when larger amounts of
DMSCs transporting DOX-NPs were present.
4. Conclusions
Mesoporous silica nanoparticles (NPs) show negligible toxicity
after being incubated with human Decidua-derived mesenchymal
stem cells (DMSCs). NP uptake by DMSCs is fast (2 h) and the par-
ticles are retained inside the cells for a long period of time (at least
5 days), more than enough for DMSCs to accumulate in the tumor
environment. The presence of NPs inside DMSCs does not inhibit
their tumor-tropic behavior in vitro and in vivo. DMSCs transport-
ing doxorubicin-loaded NPs were capable of inducing cell death
in NMU cancer cells when co-cultured in vitro. All of these results
indicate that DMSCs could be a promising platform for cancer ther-
apy as carriers of anticancer drug-loaded NPs.
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Figure S1. Characterization of Mesoporous Silica Nanoparticles (neg-NPs and pos-NPs) 
(from top to bottom): Small Angle XRD pattern, N2 adsorption-desorption isotherms and 
mesopore size distribution, Hydrodynamic size distribution by Dynamic Light Scattering, Z 
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Figure S2. Fluorescence images of DMSCs incubated with neg-NPs and pos-NPs at 100, 
200, 500 and 1000 µg/mL. 
 
Figure S3. Fluorescence microscopy images of DMSCs without NPs (left) and incubated 








Figure S4. Percentage of DMSCs with internalized neg-NPs (blue) and pos-NPs (red) 
measured by flow cytometry. (Mean ± SD, N=3) 
 
neg-NPs 100µg/ml neg-NPs 200µg/ml neg-NPs 500µg/ml neg-NPs 1mg/ml

















Figure S6. Cell viability percentage of DMSCs determined by Alamar Blue assay at 
different periods of time after incubation for 2 h with DOX-neg-NPs (blue) and DOX-pos-
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nanoparticles in placental mesenchymal stem cells
for cancer therapy†
Juan L. Paris,a,b Paz de la Torre,c M. Victoria Cabañas,a Miguel Manzano, a,b
Montserrat Grau,d Ana I. Flores*c and María Vallet-Regí *a,b
A new platform constituted by engineered responsive nanoparticles transported by human mesenchymal
stem cells is here presented as a proof of concept. Ultrasound-responsive mesoporous silica nano-
particles are coated with polyethylenimine to favor their eﬀective uptake by decidua-derived mesen-
chymal stem cells. The responsive-release ability of the designed nanoparticles is conﬁrmed, both in vial
and in vivo. In addition, this capability is maintained inside the cells used as carriers. The migration
capacity of the nanoparticle–cell platform towards mammary tumors is assessed in vitro. The eﬃcacy of
this platform for anticancer therapy is shown against mammary tumor cells by inducing the release of
doxorubicin only when the cell vehicles are exposed to ultrasound.
Introduction
In the last few years research in nanomedicine has been focus-
ing on developing nanocarriers for targeted drug delivery com-
bined with on-demand release behavior.1,2 In this sense,
porous nanoparticles with great loading capacity and tunable
surface properties have become a promising alternative for
certain biomedical applications such as cancer therapy.
Among these materials, mesoporous silica nanoparticles
present high drug adsorption capacity because of their avail-
able pores and high robustness, which allows further chemical
modification of their surface.3–5 The release of the transported
drugs can be controlled through a stimuli-responsive release
that can be achieved through diﬀerent trigger mechanisms,
which can be endogenous, such as changes in pH,6 redox
potential,7 and the presence of specific enzymes or analytes;8
or exogenous, such as temperature,9 light,10,11 magnetic
fields,12,13 electronic fields or ultrasound.14,15
An ideal nanocarrier for drug delivery in cancer therapy
should be capable of specifically targeting tumor tissue avoid-
ing premature release of the payload, and releasing high con-
centrations of the cargo only at the diseased tissues.16–18
Targeted nanoparticles towards tumors can be accomplished
by either passive or active targeting, or by a combination of
both.19 Passive targeting is based on the combination of two
features of tumor tissues: high permeability and enhanced
retention, in what is called the Enhanced Permeation and
Retention (EPR) eﬀect.20,21 Nanoparticles tend to accumulate
in tumor zones due to the abnormal architecture and per-
meability of the tumor blood vessels. Additionally, there is a
poor drainage which results in the retention of the nano-
particles within the tissue.20 On the other hand, active target-
ing is based on grafting aﬃnity ligands on the surface of nano-
particles able to interact with specific membrane receptors
overexpressed by tumor cells, leading to specific retention and
uptake by the targeted cancer cells.2,19
However, despite the recent advances in nanoparticles’
research for biomedicine, the translation of targeted nano-
carriers (both passive and active targeting) to the clinic
remains to be a challenge.22–24 In a totally diﬀerent approach,
cell-based therapies have been investigated as transporters of
nanoparticles for cancer treatment.25,26 In this sense, human
mesenchymal stem cells are multipotent cells that maintain
and regenerate connective tissues, with inherent migratory
properties, in response to inflammation and/or injury.27–29
This migratory and homing capacities have suggested their use
as drug delivery agents for the treatment of isolated and
metastatic tumors.26,30–32 Conventionally, bone marrow and
†Electronic supplementary information (ESI) available: Characterization of
mesoporous silica nanoparticles, in vivo fluorescence, cytotoxicity assays. See
DOI: 10.1039/c7nr01070b
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Instituto de Investigación Sanitaria Hospital, 12 de Octubre i+12, 28040-Madrid,
Spain. E-mail: vallet@ucm.es
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adipose tissue are the common sources of adult MSCs,
although the isolation techniques are invasive and not very
eﬃcient in terms of isolated cell quantities.33 Besides, the
donor age strongly influences the number, proliferation and
diﬀerentiation capabilities, which decline with the donor
age.34 In the last few years our research group has been investi-
gating an additional source of MSCs from the human decidua
of the placenta, which are isolated avoiding invasive pro-
cedures.33 Decidua Mesenchymal Stem Cells (DMSCs) present
a number of advantages over conventional MSCs, such as: they
are very easy to obtain without invasive techniques; they con-
stitute a homogeneous population with high proliferation and
diﬀerentiation capacities; they are adult stem cells from the
maternal part of the placenta, with low or non-immune
response and genetically stable during expansion.33
Additionally, DMSCs present migratory properties towards
tumors, both in vitro and in vivo, and, additionally, they
inhibit the growth of primary tumors and the development of
new tumors.34 Consequently, DMSCs seem to be excellent car-
riers of pharmaceutical agents towards tumor tissues.
However, if the cells are carrying cytotoxic agents, some strat-
egy should be developed to ensure DMSCs’ survival during
transport. An interesting approach would consist of loading
the cytotoxic cargo on stimuli-responsive nanoparticles for
drug delivery. These smart nanocarriers would be introduced
into the DMSCs, which would transport them to the targeted
tissue. The application of an external stimulus would trigger
the release of the cytotoxic drug. As a consequence, the drug
would have to be released from the DMSCs to the surrounding
tissue.26,35 The process by which hydrophobic cytotoxic mole-
cules (like doxorubicin)36,37 can diﬀuse out of a transporting
cell to kill the surrounding cancer cells has been called the
“bystander eﬀect”.38–40
In this manuscript we have developed a proof of concept
cell-platform constituted by engineered ultrasound-responsive
nanoparticles which are vectorized to tumor tissues by using
DMSCs. The nanocarrier provides a controlled release, trigger-
ing the payload release on demand when a penetrating stimu-
lus such as ultrasound would be applied. To the best of our
knowledge this is the first time that human mesenchymal




Ultrasound-Responsive Nanoparticles (UR-NPs) are composed
of an ultrasound (US) responsive copolymer (poly(2-(2-methoxy-
ethoxy)ethylmethacrylate-co-2-tetrahydropyranyl methacrylate),
p(MEO2MA-co-THPMA)), covalently grafted to the surface
of MCM-41 type mesoporous silica nanoparticles. The syn-
thesis, characterization and behavior of these hybrid nano-
particles have been previously reported.15 The material pres-
ents a negatively charged surface at the pore walls, due to the
silanol groups, which permits loading of a high amount of the
cytotoxic drug doxorubicin within the pores.35,41 Then, the
pores are closed with a responsive polymeric gate to avoid pre-
mature release. The application of an exogenous stimulus,
such as ultrasound, enables the delivery of the maximum
amount of drug possible.
We have developed a cell-platform to transport the UR-NPs
selectively to tumor tissues. Once in the tumor, the cytotoxic
agent would be released, damaging the cancer cells without
aﬀecting healthy tissues. In this combined approach, the NPs
will provide the responsive drug release, while the biological
component (DMSCs) will act as a specific vehicle to carry the
NPs to the tumor. To obtain this goal, the nanoparticles must
be internalized into the cell vehicles. Cellular uptake is gener-
ally enhanced employing internalization ligands or positively
charged moieties on the surface of NPs.42 In this sense, poly-
ethylenimine (PEI) is a synthetic cationic polymer that has
been widely used to deliver oligonucleotides, siRNA and
plasmid DNA to cells.43,44 An interesting approach for eﬀective
NP internalization into cells consists of decorating the NP
surface with PEI. Cellular uptake of PEI-coated nanoparticles
relies on the electrostatic interaction between the positively
charged polymer and the negatively charged cell membrane, in
a charge-dependent mechanism that is not selective on the
cell type.43 The above synthesized UR-NPs were coated with
1800 Da PEI (UR-NPs@PEI), which is known to present low
cytotoxicity, to confer a positive charge on their external
surface that will increase the amount of NPs internalized in
DMSCs.35
Fig. 1 Characterization of ultrasound-responsive nanoparticles with or
without PEI coating: zeta potential values (top, left), scanning electron
microscopy micrographs of UR-NPs and UR-NPs@PEI (top, right), trans-
mission electron microscopy micrographs of phosphotungstic acid-
stained non-ultrasound responsive NPs, UR-NPs and UR-NPs@PEI
(bottom). Arrows indicate the presence of a polymeric coating, parallel
segments indicate the ordered mesochannels.
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The presence of PEI in the particles was confirmed by
diﬀerent techniques: the zeta potential changed from negative
to positive values after PEI coating (Fig. 1). Thermogravimetric
Analysis (TGA) data showed an organic matter percentage for
the UR-NPs of 25%, and 40% for UR-NPs@PEI, what indicated
an estimate of 15% of PEI in the final material. The BET
surface area decreased from 180 m2 g−1 for UR-NPs to 70
m2 g−1 for UR-NPs@PEI. Small angle X-ray diﬀraction patterns
show that the hexagonal pore order of the mesoporous silica
nanoparticles was maintained (see Fig. S1†). The diameter and
morphology of the NPs remains unmodified after the PEI
coating, as it can be seen in the scanning electron microscopy
images (Fig. 1). The mesoporous order can be appreciated in
the transmission electron microscopy micrographs which also
showed the presence of the US-responsive copolymer, or the
copolymer plus the PEI, on the external surface of the meso-
porous ordered NPs when the materials were stained with
phosphotungstic acid (Fig. 1). As it will be seen throughout
this article, nanoparticles labeled with diﬀerent dyes have
been employed, and their characterization did not show any
significant diﬀerences when compared to the non-labeled
nanoparticles. Several cargo molecules have also been loaded
within the mesopores, in order to evaluate various aspects of
the materials’ US-responsiveness.
The US-responsiveness of UR-NPs@PEI was evaluated
initially in vial, with a fluorescein release experiment. Taking
into account that the gatekeeper copolymer shows a dual
temperature-US responsiveness,15 fluorescein loading in
UR-NPs was performed at 4 °C. Under these conditions the
polymer that acts as a gatekeeper presented an open or hydro-
philic conformation. After the dye loading process, the temp-
erature was increased to 50 °C, inducing the copolymer to col-
lapse, i.e. change to a hydrophobic conformation, closing the
pore entrances. Then, loaded UR-NPs were coated with PEI.
Dye release experiments (Fig. 2) show that the behavior of the
UR-NPs@PEI was similar to that of UR-NPs without coating;
the presence of PEI coating did not induce any significant
diﬀerences in the maximum percentage of fluorescein released
with or without ultrasound (which was already reached after
16 h).15 As commented above, before US application, the poly-
meric gate is collapsed at the nanoparticle surface, blocking
the pores and preventing cargo release. After insonation, one
of the monomers in the polymeric gate (THPMA) is cleaved,
yielding hydrophilic methacrylic acid. This change in the co-
polymer structure induces an increase in its hydrophilicity,
triggering a change of conformation towards coil-like, which
allows drug release from the material. The evaluation of this
change in the polymeric gate has been demonstrated in our
previous work.15 Here, we show that these engineered nano-
particles continue to behave as stimulus-responsive drug nano-
carriers even though they have been coated with PEI.
In vivo ultrasound-responsiveness of this material was
checked loading Calcein-AM into UR-NPs@PEI. Calcein-AM is
a low-fluorescent indicator that can be converted in vivo to
highly-fluorescent calcein due to the activity of esterases in the
surrounding cells (Fig. 3A). The Calcein-AM loaded material
was injected subcutaneously and bilaterally in mice, monitor-
ing the in vivo fluorescence before and after US application on
one of the injection sites (Fig. 3B and C). In order to point the
location of the nanoparticles, Rhodamine B-labeled
UR-NPs@PEI were used for these experiments. Fig. 3B corres-
Fig. 2 Percentage of ﬂuorescein released in PBS at 37 °C from UR-NPs
and UR-NPs@PEI with or without ultrasound exposure after 16 h.
Fig. 3 Data showing the material cargo retention and release capability
in vivo. In vivo ﬂuorescence of subcutaneously injected UR-NPs@PEI
(red channel) and the released cargo (green channel); scheme of green
ﬂuorescence generation by the cleavage of cargo molecules (Calcein-
AM) after release, yielding ﬂuorescent Calcein (A); in vivo ﬂuorescence
images of the diﬀerent ﬂuorescence channels before (B) and 100 min
after ultrasound application (1 MHz, 10 min, 3 W cm−2) (C).
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ponds to the fluorescence before US application, showing red
fluorescence, delimiting the location of NPs due to the
Rhodamine B labeling. No fluorescence was observed in the
green channel (therefore, there had been no cargo release).
After US application (1 MHz, 3 W cm−2, 10 min), red fluo-
rescence indicated that the NPs were still present at the injec-
tion site and green fluorescence appeared only in the US-
exposed area (Fig. 3C). Taking into account that Calcein-AM
inside the material pores is not accessible to the esterases
from the cells, the presence of green fluorescence indicates
that Calcein-AM was released from the material when the gate-
keeper was opened due to ultrasound exposure. On the other
hand, at the injection site without US application, there was
no green fluorescence, which indicates that Calcein-AM is
retained inside the nanoparticle pores and not exposed to
esterases. The progressive increase of green fluorescence
in vivo at diﬀerent time points after ultrasound application can
be seen in Fig. S2.† These results demonstrate the capability of
the UR-NPs@PEI to retain a cargo and release it when exposed
to ultrasound in vivo.
Ultrasound-responsive nanoparticle–cell platform
After evaluating the in vial and in vivo responsiveness of
UR-NPs@PEI, we tested the interaction of the UR-NPs@PEI
with the DMSCs which will act as transporters to the tumor
tissue. To do so, the eﬀect of UR-NPs@PEI at diﬀerent concen-
trations on DMSCs’ viability was tested using the MTS and
LDH assays (Fig. S3†). The results show no toxicity up to
200 μg mL−1, and a small toxicity at higher concentrations.
Therefore, a concentration of 200 μg mL−1 was chosen for
further experiments.
Then, DMSCs were exposed to UR-NPs@PEI to study their
internalization and retention in the cells. For these studies,
the NPs were covalently labeled with fluorescein isothiocyanate
(FITC). Fig. 4A–C show the fluorescence microscopy images of
DMSCs stained with DAPI (nuclei) and Alexa Fluor®568 phal-
loidin (cytoplasm) after incubation with labeled nanoparticles
(200 μg mL−1 for 2 h). As expected, microscopy images indicate
that UR-NPs@PEI were internalized by the cells better than
UR-NPs (Fig. 4A and B). Moreover, the UR-NPs@PEI escaped
the endo-lysosomal compartment shortly after endocytosis,
since NP fluorescence (green) and lysosomes (red) do not co-
localize (Fig. 4C). This behavior can be attributed to the proton
sponge eﬀect provided by PEI.43 Under the acidic conditions of
the lysosome, PEI (and other polycationic molecules) presents
a very high positive charge. This induces the entrance in the
lysosomes of chloride anions, accompanied by water. The lyso-
somes swell until they eventually burst, releasing their con-
tents into the cytoplasm. The quantification of UR-NPs@PEI
uptake (200 μg mL−1 for 2 h) by DMSCs by flow cytometry
indicates a more successful internalization of UR-NPs@PEI
compared to the nanoparticles without PEI (Fig. 4D and S4†).
The coated particles were also retained inside the cells for at
least 6 days (Fig. 4E), enough for the cells to reach the tumor,
according to our previous work.35
In addition, the UR-NPs@PEI retain their cargo after
uptake by the DMSCs and are also able to release intracellular
fluorescein after US application (Fig. 5). For this experiment,
Rhodamine B-labeled nanoparticles were used to simul-
taneously study the location of UR-NPs@PEI (red fluorescence)
and their cargo (green fluorescence). Before US exposure, red
and green fluorescence colocalize, indicating that the dye is
retained inside UR-NPs@PEI. After insonation (1 MHz, 3 W cm−2,
5 min), a significant part of the dye diﬀuses out of the
NPs and stains the cell cytoplasm (images taken 30 min after
insonation), as a consequence of the polymeric gates changing
from a closed to an open conformation (Fig. 2).
The above results show the possibility to fabricate a cell
platform containing US-responsive NPs inside the DMSCs for
at least 6 days. To evaluate the eﬀect of the cell-platform as
Fig. 4 Fluorescence microscopy images of NP-loaded DMSCs; blue
(nucleus), red (cytoplasm), green (NPs): UR-NPs (A), UR-NPs@PEI (B);
colocalization study of UR-NPs@PEI (green), nucleus (blue) and lyso-
somes (red) in DMSCs 2 h after internalization (C); ﬂow-cytometry data
regarding UR-NPs and UR-NPs@PEI uptake (D); ﬂow-cytometry data
regarding UR-NPs@PEI retention (E) (data are means ± SD, N = 3, *p <
0.05).
Fig. 5 Fluorescence microscopy images of DMSCs incubated with
Rhodamine B-labeled UR-NPs@PEI loaded with ﬂuorescein before (left)
and after (right) ultrasound irradiation. Overlay images of three ﬂuor-
escence channels: blue ﬂuorescence (nuclei), red ﬂuorescence
(UR-NPs@PEI) and green ﬂuorescence (ﬂuorescein cargo). Fluorescence
microscopy images taken 30 min after the US exposure was performed.
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transporters of cytotoxic molecules, the UR-NPs@PEI were
loaded with doxorubicin (loaded amount was 2.94 ± 0.17%).
First, we incubated diﬀerent concentrations of cytotoxic-
loaded NPs with the DMSCs for 2 h. After this, we washed the
cells to eliminate the non-internalized NPs and cell viability
was evaluated after 24 and 72 h (Fig. 6). No toxicity was
observed up to a concentration of 200 µg mL−1. Therefore,
these conditions (200 μg mL−1 UR-NPs@PEI for 2 h) were used
for any further experiments. It is worth noting that in our pre-
vious work, we had observed significant toxicity in DMSCs
48 h after internalization caused by similar doxorubicin-
loaded NPs but without stimulus-responsive gatekeepers.35
Thus, the NPs engineered in the present work are capable of
retaining the cytotoxic drug inside them, preventing a pre-
mature leakage of the doxorubicin that could damage the
transporting cells before they reach their target tissue.
The next stage was to check the capability of the cell–NP
platform to reach the tumor site. In this sense, we performed a
standardized in vitro cell migration assay towards the tumor
homogenate to check whether the presence of UR-NPs@PEI
inside the cells has any negative impact on the DMSCs’
migration capacity. The results showed a high migration
capacity of DMSCs towards the tumor homogenate, which was
maintained in our platform carrying UR-NPs@PEI, even if
those NPs were loaded with doxorubicin (DOX-Platform)
(Fig. 7). The amount of doxorubicin transported by the
DOX-Platform was determined to be 0.47 ± 0.08 µg of doxo-
rubicin per 10 000 DMSCs. The quantification of the migrated
cells shows no significant diﬀerence in cell migration due to
UR-NP@PEI (with or without doxorubicin). These data indicate
that stimulus responsive NPs containing a cytotoxic drug can
be vectorized to the tumor site by DMSCs.
Finally, in order to test whether this developed platform
(UR-NPs@PEI inside DMSCs) could be useful for anticancer
therapy, an in vitro co-culture experiment was carried out. The
transporting cells (DMSCs and DOX-Platform) were divided
into two groups and half of the samples were exposed to US
(1 MHz, 3 W cm−2, 5 min). Then, the DMSCs and
DOX-Platforms with/without US exposure were seeded in a
Transwell® culture insert on top of a well that contained NMU
cancer cells (DMSCs : NMU ratio was 1 : 2). After 24 and 48 h,
the Transwell® inserts were removed and the NMU viability
was evaluated by performing the Alamar Blue test. Fig. 8
shows that NMU cell viability is only aﬀected when US is
applied on DMSCs carrying doxorubicin-loaded UR-NPs@PEI,
but it remains unaﬀected under any of the other experimental
conditions. Therefore, doxorubicin remains retained in
UR-NPs@PEI inside DMSCs until the platform is exposed to
US. After insonation, the nanoparticles release their cargo,
which can diﬀuse towards tumor cells, inducing their death.
Furthermore, this eﬀect appears to be dose-dependent, since
the reduction in NMU cell viability is smaller when the ratio
DMSC : NMU is 1 : 5 (Fig. S5†).
Fig. 6 Cytotoxicity assay in DMSCs of doxorubicin-loaded UR-NPs@PEI
at diﬀerent concentrations after 24 h and 72 h measured by using the
Alamar Blue test. No signiﬁcant diﬀerences were found at any of the
tested concentrations.
Fig. 7 In vitro Transwell® migration assay of DMSCs against culture
medium (basal), tumor homogenate (control) and migration of DMSCs
loaded with UR-NP@PEI or DOX-UR-NP@PEI against the tumour homo-
genate. Optical microscopy images of migrated cells (top) and quantiﬁ-
cation of migrated cells by UV-Vis spectrophotometry (bottom) (mean ±
SD, N = 3, *p < 0.05).
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These results show the possibility to introduce cytotoxic-
loaded stimulus-responsive NPs in DMSCs as cell carriers. The
migratory capacity of these cells to the tumor tissue was main-
tained in the presence of UR-NPs. This platform was activated,
i.e. released the cytotoxic drug, just when an external stimulus
was applied, in principle, when the cell platform reached the
tumor tissue.
Conclusions
A cell platform to transport ultrasound-responsive nano-
particles towards tumor tissue has been developed.
Experiments, both in vial and in vivo, have demonstrated the
ultrasound responsiveness of the system, showing the capa-
bility to induce cargo release on-demand. These polyethyl-
enimine-coated nanoparticles were eﬃciently internalized by
decidua-derived mesenchymal stem cells and they were
retained for at least 6 days. The nanoparticle–cell construct
also presented ultrasound-responsive cargo release capability.
The tumor-tropic behavior of the cells was preserved when
transporting doxorubicin-loaded nanoparticles. This doxo-
rubicin carrying platform was able to induce the death of
mammary cancer cells in vitro when it was exposed to
ultrasound.
The obtained results indicate that this platform could be
employed to transport cytotoxic drugs specifically to tumors,
and release them when exposed to ultrasound.
Experimental section
Reagents and characterization techniques
The following compounds were purchased from Sigma-Aldrich
Inc.: ammonium nitrate, cetyltrimethylammonium bromide
(CTAB), tetraethyl orthosilicate (TEOS), methacrylic acid
(MAA), pyridine, p-toluenesulfonic acid, toluene, dichloro-
methane (DCM), dihydropyran, dimethylformamide (DMF),
2-(2-methoxyethoxy)ethylmethacrylate (MEO2MA), 4,4′-azobis
(4-cyanovaleric acid) (ABCVA), diethylether, N,N′-dicyclohexyl-
carbodiimide (DCC), N-hydroxysuccinimide (NHS), phosphate-
buﬀered solution (PBS), fluorescein sodium salt, polyethyl-
enimine (PEI) of 1800 Da, rhodamine-B isothiocyanate and
fluorescein isothiocyanate (FTIC). Calcein-AM was purchased
from ThermoFisher Scientific. DMEM, penicillin–strepto-
mycin, non-essential amino acids, and trypsin–EDTA were pur-
chased from Invitrogen (Fisher Scientific, Madrid, Spain).
Fetal bovine serum is from Biowest (LabClinics, Spain). Trans-
wells were purchased from Nunc (Fisher Scientific, Spain).
These compounds were used without further purification.
Tetrahydropyranyl methacrylate (THPMA) was synthesized as
described previously.15,45
The materials were analyzed by X-ray diﬀraction (XRD) in a
Philips X-Pert MPD diﬀractometer equipped with Cu Kα radi-
ation. Thermogravimetry and Diﬀerential Thermal Analysis
(TGA/DTA) were performed in a PerkinElmer Pyris Diamond
TG/DTA analyzer, with 5 °C min−1 heating ramps, from room
temperature to 600 °C. Fourier Transformed Infrared (FTIR)
spectra were obtained in a Nicolet (Thermo Fisher Scientific)
Nexus spectrometer equipped with a Smart Golden Gate ATR
accessory. Surface morphology was analyzed by Scanning
Electron Microscopy (SEM) in a JEOL 6400 electron micro-
scope. Transmission Electron Microscopy (TEM) was carried
out with a JEOL JEM 2100 instrument operated at 200 kV,
equipped with a CCD camera (KeenView Camera).
Phosphotungstic acid staining was employed to detect the
presence of organic matter in the hybrid materials. N2 adsorp-
tion was carried out on a Micromeritics ASAP 2010 instrument;
surface area was obtained by applying the Brunauer–Emmett–
Teller (BET) method to the isotherm and the pore size distri-
bution was determined by the Barrett–Joyner–Halenda (BJH)
method from the desorption branch of the isotherm. The
mesopore size was determined from the maximum of the pore
size distribution curve. The Z-potential was measured in de-
ionized water by means of a Zetasizer Nano ZS (Malvern
Instruments) equipped with a 633 nm “red” laser.
Engineered US-responsive nanoparticles
Preparation of UR-NPs. A detailed description of the syn-
thesis method of Ultrasonic-Responsive Nanoparticles
(UR-NPs) can be found in our previous work.15 Mesoporous
silica nanoparticles were fabricated by using the modified
Stöber method from TEOS in the presence of CTAB as a struc-
ture-directing agent under basic and very dilute conditions.
The random copolymer, poly(2-(2-methoxyethoxy)ethyl-
methacrylate-co-2-tetrahydropyranyl methacrylate), p(MEO2MA-
co-THPMA), was synthesized by free radical polymerization
from 2-(2-methoxyethoxy)ethylmethacrylate, MEO2MA,
and 2-tetrahydropyranyl methacrylate, THPMA, in a
MEO2MA : THPMA ratio of ca. 90 : 10. The synthesis was per-
formed at 80 °C overnight in DMF solution under an inert
atmosphere.
Grafting the polymer nanogate to mesoporous silica nano-
particles to obtain UR-NPs was performed in two steps.
First, the previously copolymer, p(MEO2MA-co-THPMA), was
Fig. 8 Cytotoxicity assay of NMU cells after co-culture with DMSCs or
with DOX-Platform (with or without ultrasound application) measured
by using the Alamar Blue test. The DMSCs to NMU ratio was 1 : 2 (mean
± SD, N = 3, *p < 0.05).
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modified with an alkoxysilane(3-aminopropyl triethoxysilane)
through DCC–NHS chemistry. Then, the silylated polymer was
grafted to the silica nanoparticles surface through sol–gel
chemistry. A ratio polymer : nanoparticles of 6 : 1 was used,
and the silylated polymer was added in 3 steps to the
nanoparticles.15
FITC and Rhodamine B-labeled UR-NPs were prepared fol-
lowing the same procedure but using NPs covalently labeled
with the fluorophore during NP synthesis as described
elsewhere.15,35
Preparation of UR-NPs@PEI. The synthesis of stimuli
responsive nanoparticles coated with PEI (UR-NPs@PEI) was
carried out by adding 5 mg of PEI to 10 mg of UR-NPs dis-
persed in 2 mL of PBS. The coating was carried out at 37 °C for
3 h. The product was washed several times with PBS, centri-
fuged and dried under vacuum at 25 °C.
Cargo loading and release
Cargo loading. 20 mg of UR-NPs were placed in a glass vial
with a septum and dried at 80 °C under vacuum for 24 h.
Then, the vial was placed at 4 °C with magnetic stirring and
5 mL of cargo solution (20 mg mL−1 fluorescein in PBS) were
added and the suspension was stirred for 24 h. After this, the
sample was filtered and washed twice with warm PBS (50 °C)
to remove the potential fluorescein absorbed on the external
surface. Note that the cargo loading was performed at 4 °C,
below the lower critical solution temperature (LCST) which
means that the polymer presents an extended conformation
(pores opened). After loading, the temperature was increased
to 50 °C (above the LCST) which induces the polymer to col-
lapse, closing the pore entrances.15 After this, loaded UR-NPs
were coated with PEI in a similar way to that described above.
In vial cargo release. 9 mg of fluorescein-loaded nano-
particles were suspended in 1.8 mL of PBS pH 7.4 (10 mM).
Then, 0.5 mL of the UR-NP suspension were placed on a
Transwell® permeable support with a 0.4 µm polycarbonate
membrane (3 replicas were performed). The well was filled
with 1.5 mL of PBS and the suspension was stirred at 37 °C
and 100 rpm during all the experiments. For the US experi-
ments the particle suspension was subjected to US exposure
(10 min at 1.3 MHz and 100 W) before placing it on the
Transwell® insert. The amount of fluorescein released after
16 h was determined by fluorescence spectrometry (λexc 490,
λem 514 nm).
In vivo evaluation of US responsive nanoparticles
The in vivo US-responsiveness of UR-NPs@PEI was evaluated
on a mouse model (FVB strain). Mice were shaved and depila-
tory cream was employed to remove their hair in the area that
was evaluated (to prevent auto-fluorescence and to apply the
ultrasound gel). Nanoparticles were covalently labeled with
Rhodamine B, as previously mentioned, to be able to visualize
the NPs by in vivo fluorescence imaging (In vivo Xtreme®,
Bruker). Loading of Calcein-AM was performed following the
same procedure as previously described but using a 2 mg mL−1
solution of the cargo in a mixture of DMSO and PBS (the
material was washed several times with PBS after cargo
loading). Calcein-AM loaded nanoparticles were injected sub-
cutaneously and bilaterally in mice (2 mg of NPs in 100 μL PBS
per injection). US was applied at the left injection site (1 MHz,
3 W cm−2, 10 min continuous application) and using ultra-
sound gel. In vivo fluorescence was evaluated at diﬀerent
wavelengths (green: λexc 490, λem 514 nm, red: λexc 540, λem
625 nm), before and after US application.
Ultrasound-responsive nanoparticle–cell platform
Human placentas from healthy mothers were obtained from
the Department of Obstetrics and Gynecology under written
informed consent approved by the Ethics Committee from
Hospital Universitario 12 de Octubre, Madrid, Spain.
Processing of placental membranes and culture of primary
cells (DMSCs) were done as previously reported.33,34
Cellular uptake of nanoparticles. DMSCs were plated 24 h
before starting the experiment in culture multiwell plates at a
density of 104 cells per cm2. After incubation with particles
(UR-NPs and UR-NPs@PEI) in serum-free culture medium
(200 µg mL−1) for 2 h, the media were removed and the cells
were washed with PBS three times. Then, the cells were fixed
with Z-fix solution (Anatech, USA) for 15 min, permeabilized
with 0.1% Triton X-100 in PBS at room temperature for 5 min
and, subsequently incubated for 20 min with Alexa Fluor®568
phalloidin (Invitrogen, Spain) for staining F-actin. DAPI (4′,6-
diamidino-2-phenylindole) at 1 μg mL−1 was used to stain and
visualize the nuclei. Fluorescence microscopy was performed
with an Evos® FL Cell Imaging System equipped with three
LED light cubes (λexc (nm); λem (nm)): DAPI (357/44; 447/60),
GFP (470/22; 525/50), RFP (531/40; 593/40) from AMG
(Advance Microscopy Group). Quantitative analysis of cellular
uptake was performed by flow cytometry (FACS). 200 µg mL−1
particles were incubated with the DMSCs for 2 h, and then
removed by washing three times with PBS. Subsequently, the
cells were trypsinized, collected by centrifugation and redis-
persed in PBS solution with trypan blue (0.5%) to remove
extracellular fluorescence. The fluorescence intensity of 10 000
cells was quantified by FACS. Statistical analysis for diﬀerences
between groups was carried out by the Student’s t test.
Quantitative analysis of particle retention was performed by
FACS. Particles at a concentration of 200 µg mL−1 were incu-
bated with the DMSCs for 2 h, and then removed by washing
three times with PBS. The cells were then cultured in fresh
medium for indicated time points. Subsequently, the cells
were collected by trypsinization and centrifugation, and re-
dispersed in PBS solution with trypan blue (0.5%). The fluo-
rescence intensity of 10 000 cells was quantified by FACS. The
fluorescence intensities obtained after the first day were cor-
rected by the cell dilution folds due to cell division.
Cytotoxicity of nanoparticles. The cytotoxicity of both
UR-NPs and UR-NPs@PEI was evaluated using the following
standard protocols:
Lactate dehydrogenase (LDH) activity test. Extracellular LDH
activity was measured in the media using the kit for quantitat-
ive determination of LDH (Spinreact, Spain). DMSCs were
incubated with diﬀerent sets of NPs for 2 h at diﬀerent concen-
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trations in serum-free DMEM (n = 3). Then, the media were
changed with fresh complete culture media and the cells were
incubated for another 24 h. The culture medium was then col-
lected to determine the extracellular LDH activity, measured by
means of a spectrophotometer (at 340 nm) following the
manufacturer’s protocol.
MTS(3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-
2-(4-sulfophenyl)-2H-tetrazolium) assay. The MTS reduction
assay was performed using a commercial assay and following
the manufacturer’s protocol (CellTiter® Aqueous One Solution
Cell Proliferation Assay). Briefly, DMSCs were incubated with
various concentrations of NPs for 2 h in serum-free DMEM
(n = 3). Then, the media were changed with fresh complete
culture media and the cells were incubated for another 24 h.
The medium was replaced with 600 µL culture medium
including MTS, and the incubation proceeded for 3 h. The
medium was then removed, and its absorption at 490 nm was
measured using a spectrofluorimeter plate reader (EnSpire,
PerkinElmer).
Intracellular fate of nanoparticles. For the co-localization of
NPs and lysosomes, the cells were incubated with 200 µg mL−1
particles for 2 h. The cells were washed twice with PBS solu-
tion. Then, lysosomes were stained with the Cell Tracker®
Lysosome staining kit following the manufacturer’s protocol
(AAT Bioquest, Inc., USA). After washing twice with PBS, fresh
medium was added. The cells were fixed and stained with
DAPI as previously described. Fluorescence microscopy was
performed with an Evos® FL Cell Imaging System.
In vitro evaluation of the ultrasonic responsive cell platform.
Preparation of UR-NPs@PEI containing doxorubicin was per-
formed by stirring 10 mg of UR-NPs in 5 mL of a solution of
doxorubicin in PBS (1 mg mL−1) for 24 h at 4 °C. Doxorubicin-
loaded particles were washed by centrifugation and redisper-
sion in PBS at 50 °C several times. Loaded nanoparticles were
coated with PEI as previously described (DOX-UR-NPs@PEI).
Quantification of doxorubicin inside DOX-UR-NPs@PEI was
performed by dispersing a known amount of nanoparticles in
95% ethanol in an ultrasonic bath to force the release of the
cargo, and measuring the fluorescence of doxorubicin in etha-
nolic solution after filtration of the nanoparticles. A calibration
curve of doxorubicin fluorescence in ethanolic solution (λexc
470, λem 585 nm) was used.
The preparation of the engineered cell–NP platform was
carried out by using the following procedure: DMSCs were
incubated with 200 µg mL−1 of UR-NP@PEI (with/without
DOX) for 2 h and washed with PBS to remove non-internalized
nanoparticles. Quantification of doxorubicin in the
DOX-Platform was carried out as described for
DOX-UR-NPs@PEI, dispersing the DOX-Platform in 95%
ethanol under sonication (therefore, releasing the cell content,
including the nanoparticles, to the ethanolic solution) and
measuring the fluorescence.
Cell viability was evaluated after 1 and 3 days by performing
the Alamar Blue assay, following the manufacturer’s instruc-
tions: 10% of the reagent was added to the culture medium
with the DMSCs and incubated at 37 °C for 1 h. Then, fluo-
rescence at λexc 560, λem 590 nm was measured in a spectro-
fluorimeter plate reader. Cell viability was then analyzed as a
percentage of the control wells (DMSCs not exposed to DOX-
nanoparticles).
Migration capacity towards mammary tumor homogenates.
Animal care was carried out in accordance with the Royal
Decree 223/1988 (BOE 8, 18) and the Ministerial Order of 13
October 1989 (BOE 8) regarding the protection of experimental
animals, as well as with the European Council Directive 86/
609/EEC and approved by the Committee of Ethics and Animal
Welfare (CEBA) from Hospital Universitario 12 de Octubre.
N-Nitroso-N-methylurea (NMU) tumors were induced in
45-day-old Sprague-Dawley female rats according to our pre-
viously published protocol.46 The tumors were dissected out
from the animals, immediately frozen in liquid nitrogen and
subsequently stored at −80 °C until further use. Homogenates
from those tumors were performed at 4 °C as we previously
described.34 The protein concentration was measured using
the Lowry protein assay kit (Biorad, Spain) following the
manufacturer’s instructions.
The migration capacity of the engineered platform towards
the tumor homogenate was performed using Millicell culture
plate inserts with 8 μm pore polycarbonate membranes (Merck
Millipore, Spain) in 24-well plates. 1.5 × 105 DMSCs containing
UR-NPs@PEI (with/without DOX) in 300 µL of serum-free
DMEM were seeded in the insert. The tumor homogenate
(5 mg mL−1 of protein concentration) was added in the well
below. Migration medium (serum-free DMEM) without tissue
was used as a negative control. Migration was assessed at 24 h
by the CytoSelect 24-Well Cell Migration Assay (8 μm,
Colorimetric, Cell Biolabs, Bionova Cientifica, S.L., Spain).
Non-migratory cells were removed from the top of the mem-
brane and migratory cells on the bottom of the polycarbonate
membrane were stained with the cell stain solution and quan-
tified according to the manufacturer’s instructions. Migratory
cells were visualized (three individual fields per insert) using a
light microscope under ×40 magnification objective. The color
of the stained cells was subsequently extracted with the extrac-
tion solution, and quantified by absorbance at 560 nm using
the multimodal plate reader Enspire (PerkinElmer). All experi-
ments were done as a minimum in triplicate.
In vitro co-culture experiments. DMSCs or the engineered
DOX-Platform (UR-NPs@PEI inside DMSCs, with doxorubicin)
were co-cultured with NMU rat mammary cancer cells (ATCC,
LGC Standards S.L.U., Spain). NMU cells were cultured in
24-well plates at a density of 20 000 cells per well 24 h before
the experiment was carried out. DMSCs were incubated with
DOX-UR-NPs@PEI as previously described. After washing non-
internalized nanoparticles, DMSCs (with and without NPs)
were trypsinized and ultrasound was applied to some of the
DMSC suspensions (1 MHz, 3 W cm−2, 5 min continuous
application). Then, DMSCs with or without DOX-NPs (and with
or without US exposure) were seeded in Transwell® culture
inserts (0.4 µm pore, polycarbonate membranes, tissue cul-
tured treated, Costar®), in the same plate containing NMU
cells, in two diﬀerent DMSC : NMU ratios (1 : 2 and 1 : 5). After
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1 and 2 days, the inserts were removed and NMU cell viability
was analyzed by performing the Alamar Blue test, as previously
described.
Ultrasonic experiments
For the in vial release experiments, the US experiments were
performed in a commercial laboratory ultrasound apparatus
(RBI, France), working at 1.3 MHz and 100 W for 10 min,
under similar conditions to those described in our previous
work.15
For the in vivo and in vitro intracellular cargo release experi-
ments, a commercial ultrasound apparatus for application in
physical therapy was used (New Pocket Sonovit, New Age Italia
Srl, Italy). The parameters selected were: 1 MHz, 3 W cm−2,
continuous application, 5–10 min. In the in vitro intracellular
experiments, ultrasound was applied from the top of a filled
culture well through a latex membrane (ultrasound trans-
mission gel was placed between the transducer and the latex
membrane).
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Figure S1. Characterization of Mesoporous Silica Nanoparticles: Small Angle XRD pattern (A), 
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Figure S2. In vivo fluorescence of subcutaneously injected UR-NPs@PEI (red channel) and calcein 
 produced after calcein-AM release at different times after ultrasound application (1 
 MHz, 3 W cm-2, 10 min) (green channel). 
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Figure S5. Cytotoxicity assay of NMU cells after co-culture with DMSCs or with DOX-Platform 
 (with or without Ulltrasound  application) measured by Alamar Blue test. DMSCs to 
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Figure S3. Cytotoxicity assay in DMSCs of UR-NP@PEI at different concentrations after 24 h 
 measured by MTS reduction (left); LDH release by DMSCs with internalized UR-
 NP@PEI at different concentrations after 24 h. (Data presented as Mean ± SD, N = 3). 
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Figure S4. Flow-cytometry data regarding UR-NPs and UR-NPs@PEI uptake shown as Mean    
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Gene Transfection employing Ultrasound-responsive Mesoporous Silica 
Nanoparticles 
Abstract 
A previously developed Ultrasound-responsive drug delivery system based on Mesoporous 
Silica Nanoparticles is here modified to include nucleic acids into the polymeric coating to 
provide gene transfection capabilities. The stimulus-responsive nanoparticles are coated with 
polyethylenimine with two different molecular weights. Gene transfection capacity with two 
different plasmids is evaluated. First, the expression of Green Fluorescent Protein is analyzed 
in Decidua-derived Mesenchymal Stem Cells after incubation with the nanoparticles. The 
most successful formulation is then employed to induce the expression of two suicide genes: 
cytosine deaminase and uracil phosphoribosyl transferase, which allow the cells to convert a 
non-toxic prodrug (5-fluorocytosine) into a toxic drug (5-Fluorouridine monophosphate). The 
effect of the production of the toxic final product is also evaluated in a cancer cell line (NMU 
cells) co-cultured with the transfected vehicle cells, Decidua-derived Mesenchymal Stem 
Cells. 
Introduction 
Stimuli-responsive nanoparticles for antitumor drug release have attracted much attention in 
recent years because they could significantly improve the safety profile of cancer therapies.
1
 
However, nanomedicine is still facing a nanoparticle delivery problem, since a low amount of 
nanoparticles reach the tumor tissues after systemic injection.
2
 Therefore, it is necessary to 
develop alternative strategies to ensure that the appropriate dosage of drug can reach the 
target tissue.
3
 In this context, cell vehicle-based approaches are amongst the most promising 
strategies to overcome this issue.
4–6
 Mesenchymal Stem Cells are among the most studied 
cells for nanoparticle vectorization towards tumors.
4
 Human Decidua-derived Mesenchymal 
Stem Cells (DMSCs) are multipotent stem cells with migratory properties towards tumor 
tissue, and they can also inhibit tumor progression.
7,8
 We have recently reported the use of 
DMSCs as vehicles capable of transporting ultrasound-responsive Mesoporous Silica 
Nanoparticles (UR-NPs).
6,9
 These UR-NPs loaded with doxorubicin (a cytotoxic drug) can be 
transported towards tumors inside DMSCs. Then, upon ultrasound exposure, the drug is 
released from the platform, killing surrounding cancer cells.
9
  
Gene transfection is based on inducing or modifying the expression of different 
proteins through delivering nucleic acids to the target cell. Gene transfection using non-viral 
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vectors can be used to develop therapeutic strategies.
10
 For example, cancer cell death can be 
induced by the expression of a toxin encoded in a suicide gene
11
. Suicide genes can act either 
directly, encoding a protein that is toxic, or indirectly, encoding an enzyme that can lead to 
the production of a toxic molecule.
11
 Furthermore, vehicle cells can be transfected with 
suicide genes that will induce the death not only to the transfected cell, but also surrounding 
cancer cells,
10,12–14
 in an effect known as the “bystander effect”.15 Furthermore, combined 
strategies in which both small therapeutic molecules, like doxorubicin, and nucleic acids, like 
plasmids, are delivered can drastically improve the therapeutic outcome by exploiting 
synergisms between both mechanisms of action.
16
 
The main objective of the present work is to provide gene transfection capabilities to 
UR-NPs, aiming a dual therapeutic strategy. Thus, in addition to the production of a 
therapeutic protein by the genetically-engineered vehicle cells, an anticancer drug will also be 
released in the tumor. The combination of both approaches would enhance the performance 
of the therapeutic nanoparticle-cell platform.  
Experimental section 
Synthesis of UR-NPs: Ultrasound-responsive Mesoporous Silica Nanoparticles were obtained 
as described elsewhere, by grafting the polymeric gate poly-(2-(2methoxyethoxy)ethyl 
methacrylate-co-2-tetrahydropyranyl methacrylate), p(MEO2MA-co-THPMA), to 
mesoporous silica nanoparticles.
17
 MCM-41 type mesoporous silica nanoparticles were 
prepared following a modified Stöber Method, by the condensation of tetraethyl orthosilicate 
(TEOS) under dilute conditions in the presence of hexadecyltrimethylammonium bromide 
(CTAB).
17
 The surfactant was removed by ionic exchange with NH4NO3 and the particles 
were collected by centrifugation and washed with ethanol.
6,17
 The temperature and 
ultrasound-responsive copolymer p(MEO2MA-co-THPMA) was obtained by Free Radical 
Polymerization of MEO2MA and THPMA monomers (90:10 molar ratio in the final 
polymer). The copolymer was then grafted on the surface of Mesoporous Silica Nanoparticles 
by conjugating it with (3-aminopropyl)triethoxysilane (APTES) through 
dicyclohexylcarbodiimide/ N-Hydroxysuccinimide (DCC/NHS) chemistry, and then through 
the condensation of the APTES moieties on the silica surface.
9,17
  
Polyethylenimine (PEI) coating of UR-NPs: US-responsive nanoparticles coated with PEI of 
different molecular weights (UR-NPs@PEI) were obtained by dissolving 5 mg of PEI (1.8 or 
5 kDa) in 0.5 mL of deionized (DI) water with 3 µL of acetic acid (glacial). The PEI solution 
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was then diluted with 0.5 mL of 10 mM Phosphate-buffered saline (PBS) solution. That PEI 
solution was then added to 10 mg of UR-NPs dispersed in PBS (final volume 2 mL). The 
coating was carried out at 37 ºC for 3 h under orbital stirring. The product was washed 
several times with PBS, centrifuged and dried under vacuum at room temperature. 
Z potential measurements were performed in DI water by means of a Zetasizer Nano ZS 
(Malvern Instruments) equipped with a 633 nm “red” laser. 
Plasmid loading in the PEI coating and cell transfection: Green fluorescence protein (GFP) 
or cytosine deaminase: uracil phosphoribosyl transferase (CD:UPRT) plasmid was incubated 
with UR-NPs@PEI as follows: 7.5 µg of plasmid in Dulbecco's Modified Eagle's Medium 
(DMEM) were mixed with 1 mg of UR-NPs@PEI already dispersed in DMEM (total volume 
1 mL), and magnetically stirred at room temperature for 15 min. The mixture was then 
diluted to 200 µg/mL of UR-NPs@PEI-plasmid in DMEM (without serum) and incubated 
with DMSCs for 2 h at 37 ºC. The transfected cells were then washed with PBS twice and 
incubated in complete culture medium.  
Transfection with GFP plasmid was evaluated by fluorescence microscopy and flow 
cytometry 3 days after incubation with the nanoparticles. Fluorescence microscopy was 
performed with an Evos FL Cell Imaging System equipped with three Led Lights Cubes (lEX 
(nm); lEM (nm)): DAPI (357/44; 447/60), GFP (470/22; 525/50), RFP (531/40; 593/40) from 
AMG (Advance Microscopy Group). Flow cytometry was performed in a BD 
FACSCalibur™ cytometer, and results were processed using Flowing Software.  
Cell viability after transfection with CD:UPRT plasmid was evaluated after exposing 
the cells to 0.05 mg/mL of 5-FC. Flow cytometry was performed using an apoptosis/necrosis 
staining kit (BD Pharmingen
TM
 FITC Annexin V Apoptosis Detection Kit I, following the 
manufacturer´s instructions). 
Coculture with NMU cells: DMSCs with UR-NPs@5PEI loaded with the CD:UPRT plasmid 
were co-cultured with NMU rat mammary cancer cells (ATCC, LGC Standards S.L.U.) as 
described elsewhere
6,9
. NMU cells were cultured in 24 well plates at a density of 20,000 cells 
per well. Twenty-four hours later, DMSCs (with or without nanoparticles) were seeded in 
Transwell® culture inserts (0.4 µm pore, polycarbonate membranes, tissue cultured treated, 
Costar®) in a 1:2 DMSCs:NMU ratio. After 3 days, 5-FC was added to the medium (final 
concentration was 0.1 mg/mL). Four days after the addition of the prodrug, the inserts were 
removed and the viability/proliferation of NMU cells was evaluated by Alamar Blue assay, 
following the manufacturer’s instructions. NMU cells were also trypsinized and stained with 
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 FITC Annexin V Apoptosis Detection Kit I. Then, the cells were analyzed 
by flow cytometry. Statistical analyses were performed by the Student’s t test. 
Results and Discussion 
UR-NPs were obtained by grafting an ultrasound-responsive polymeric gate on the surface of 
mesoporous silica nanoparticles, as we have described elsewhere.
17
 UR-NPs were coated 
with PEI, UR-NPs@PEI, to provide a positive charge on their surface, which promotes an 
efficient nanoparticle internalization into DMSCs.
9
 A plasmid containing the genes of interest 
could be loaded in PEI-coated UR-NPs by inserting it into the PEI coating. The effect of PEI 
molecular weight on gene transfection was evaluated by using 1.8 kDa (as used for our 
previous work
9
) and 5 kDa linear PEIs to coat the UR-NPs (UR-NPs@1.8PEI and UR-
NPS@5PEI, respectively). The change to positive values in the Z potential confirms the 
successful coating of UR-NPs by both types of PEI (Figure 1). 
 
 
 Figure 1. Z Potential values of UR-NPs without or with PEI coatings of two different molecular 
weights (1.8 or 5 kDa). 
Gene transfection conditions were optimized employing a GFP plasmid. The 
expression of GFP was evaluated by fluorescence microscopy and flow cytometry. UR-
NPs@PEI were stirred with the plasmid at room temperature for 15 minutes, and the mixture 
was then incubated with DMSCs at 37 ºC for 2 h in serum-free DMEM. Then, the non-
internalized particles were removed by washing with PBS. Figure 2 shows that no significant 
gene expression could be achieved with the 1.8 kDa PEI. On the other hand, incubation with 
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microscopy and flow cytometry. These results, showing that gene transfection efficiency of 
PEI is directly related to its molecular weight, are in good agreement with previous 
literature.
18
 However, the toxicity of PEI is also related to the molecular weight,
18
 and when 
we attempted to use a 25 kDa PEI, the vast majority of DMSCs died after incubation with the 
nanoparticles (data not shown), which is also in agreement with the literature. Therefore, after 
optimizing the conditions for our platform, 5 kDa PEI was chosen for all further experiments.  
 
 Figure 2. Fluorescence microscopy images (left) and flow cytometry (right) of DMSCs 3 days after 
incubation with UR-NPs@PEI carrying the plasmid of GFP. 
 
The next step after optimizing the conditions for gene transfection using UR-
NPs@5PEI, consisted on using a plasmid of therapeutic interest to further evaluate its 
transfection in DMSCs. We selected a commercial plasmid with two genes involved in 
suicide gene therapy: cytosine deaminase (CD) and uracil phosphoribosyl transferase 
(UPRT). CD can convert the non-toxic prodrug 5-fluorocytosine (5-FC) into toxic 5-
Fluoruracil (5-FU), which is then further transformed by UPRT into the more toxic 5-
Fluorouridine monophosphate (5-FUMP), an irreversible inhibitor of thymidylate synthase,
19
 
and consequently, generating a potent cytotoxic effect (Scheme 1).  
 
Scheme 1. Schematic representation of prodrug activation. 
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The plasmid containing the two suicide genes (CD:UPRT plasmid) was loaded into 
the UR-NPs@5PEI following the same protocol as previously described for GFP plasmid. 
Those plasmid-loaded nanoparticles were incubated with DMSCs for two hours, and after 3 
days, 5-FC was added to the culture media of DMSCs. Same procedure was carried out on 
DMSCs without incubation with nanoparticles and/or without the addition of 5-FC for 
control. After 5 days, the viability of DMSCs was evaluated through bright field microscopy 
(Figure 3a), showing a significant reduction in the cell density growing on the wells that were 
treated with 5-FC after transfection, while no significant changes could be observed in the 
other experimental groups. After staining the nuclei with DAPI, apoptotic nuclei (brighter 
staining) could be observed by fluorescence microscopy in the transfected cells exposed to 
the prodrug (Figure 3b), as would be expected from the production of toxic 5-FUMP.  
 
 Figure 3. Bright field microscopy images showing DMSCs after different treatments with UR-
NPs@5PEI carrying the plasmid with the suicide genes CD:UPRT and/or the non-toxic 
prodrug 5-FC (0.05 mg/mL) (a) and DAPI-stained fluorescence microscopy images of 
DMSCs after the same treatments showing apoptotic nuclei (brighter nuclei staining) (b). 
DMSCs exposed to those treatments were also evaluated by Flow cytometry with an 
apoptosis-necrosis evaluation kit (Figure 4). Cells in the lower left quadrant correspond to 
healthy cells, lower right quadrant cells are early-apoptotic, and upper-right quadrant 
comprises late-apoptotic or necrotic cells. Figure 4 shows an increase in late 
apoptotic/necrotic cells only in the transfected cells exposed to 5-FC.  
Control 5-FC
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Figure 4. Flow cytometry analysis of apoptotis/necrosis in DMSCs after different treatments with 
nanoparticles carrying the suicide genes and/or the non-toxic prodrug 5-FC. 
 
These results confirm the successful transfection of DMSCs with the CD:UPRT 
plasmid, which provides them the capability of converting non-toxic 5-FC into toxic 5-
FUMP, as shown in Scheme 1. One of the main advantages of the combination of the CD and 




In order to test the bystander effect in our platform, a Transwell co-culture with NMU 
mammary cancer cells was carried out.
6,9
 DMSCs were transfected with CD:UPRT 
employing UR-NPs@5PEI as previously described, and they were then placed on a Transwell 
cell culture insert in a well containing NMU cancer cells (DMSC:NMU ratio was 1:2). Three 
days after transfection of the DMSCs, 5-FC was added to the culture medium, and the 
viability of NMU cells was evaluated 4 days after the addition of the prodrug. Figure 5 shows 
a significant decrease in the Alamar Blue assay of NMU cells exposed to transfected DMSCs 
and with 5-FC in their culture medium.  
The results obtained by Alamar Blue were further confirmed by the apoptosis-
necrosis results evaluated by flow cytometry, which show a significant increase in the 
number of early apoptotic cells in the treatment population compared to the other 




















3. Results and Discussion 
  
 
 Figure 5. NMU cell viability results obtained by Alamar Blue assay in co-culture with DMSCs 
(without or with nanoparticle-mediated gene transfection) and exposed to 5-FC. 
 
 Figure 6. Apoptosis/necrosis evaluation by flow cytometry of NMU cells co-cultured with DMSCs 
(without or with nanoparticle-mediated gene transfection).  
 
All of these results confirm the possibility of killing surrounding cancer cells by 
nanoparticle-mediated genetic engineered DMSCs. This anticancer therapeutic approach by 
the production of a toxic molecule by DMSCs could be further improved by the ultrasound-




The results obtained in this work confirm the possibility of inducing gene transfection using 
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vehicle cells (DMSCs), by modifying the molecular weight of the PEI coating. UR-
NPs@5PEI were used to transfect DMSCs with the CD:UPRT plasmid, providing them the 
capability of converting non-toxic 5-FC into toxic 5-FUMP. Moreover, DMSCs transfected 
with the CD:UPRT plasmid are capable of inducing cell death in co-cultured NMU cancer 
cells, when exposed to the non-toxic prodrug 5-FC.  
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La ciencia es una forma de pensar, y no tanto un 







- Se ha conseguido controlar la liberación de fármacos desde nanopartículas de 
sílice mesoporosa empleando ultrasonido como estímulo.  
- Se ha demostrado que la cavitación acústica juega un papel fundamental en la 
liberación desde el nuevo nanotransportador sensible a ultrasonido. 
- La modificación de las nanopartículas sensibles a ultrasonido ha permitido 
mejorar su estabilidad en suspensión y proporcionar capacidad de 
internalización selectiva en células tumorales, algo de gran importancia para el 
uso de nanomedicinas en terapias oncológicas. 
- Se ha conseguido inducir la internalización en células tumorales de un nuevo 
tipo de nanopartículas de sílice mesoporosa con vectorización jerarquizada, 
empleando los efectos térmicos del ultrasonido.   
- Se ha demostrado la capacidad de inducir la extravasación de nanopartículas de 
sílice mesoporosa al ser expuestas a cavitación acústica en un modelo in vitro.  
- Se ha comprobado la capacidad de células madre mesenquimales de placenta 
para captar y transportar hacia tumores nanopartículas de sílice mesoporosa. 
- Por primera vez, se han transportado en un vehículo celular nanopartículas con 
liberación sensible a ultrasonido, mostrando su capacidad de matar células 
tumorales al ser expuestas al estímulo, primer paso de ensayos preclínicos antes 
de considerar su traslación. 
- Se ha logrado inducir la expresión de un gen suicida en las células madre 
mesenquimales de placenta modificando la superficie de nuestras nanopartículas 
sensibles a ultrasonido para que actúen como agentes de transfección.  
A lo largo de esta tesis se ha conseguido un control espaciotemporal de la liberación de 
fármacos citotóxicos, permitiendo inducir su liberación, modificar la vectorización de 
nanopartículas hacia tumores y controlar la liberación de agentes terapéuticos desde 
transportadores celulares, todo ello por medio de la combinación de ultrasonido con 






- Control of drug release from mesoporous silica nanoparticles has been achieved 
using ultrasound as a stimulus. 
- Acoustic cavitation has been demonstrated to play a key role in inducing release 
from the new ultrasound-responsive nanocarrier. 
- The modification of ultrasound-responsive nanoparticles allowed us to improve 
their suspension stability and to provide selective uptake by cancer cells, which 
is of great importance for the use of nanomedicines in cancer therapy.  
- Induced internalization in cancer cells has been achieved using a new type of 
mesoporous silica nanoparticles with hierarchical targeting, employing the 
thermal effects of ultrasound.  
- The possibility of inducing the extravasation of mesoporous silica nanoparticles 
by exposure to acoustic cavitation has been demonstrated in an in vitro model. 
- The capacity of placental mesenchymal stem cells to load and transport 
mesoporous silica nanoparticles towards tumors has been proven. 
- For the first time, ultrasound-sensitive nanoparticles have been transported in a 
cellular vehicle, showing their capacity to kill cancer cells when exposed to the 
stimulus, first step in preclinical studies before considering their translation. 
- The expression of suicide genes in placental mesenchymal stem cells has been 
achieved by modifying the surface of our ultrasound-responsive nanoparticles to 
enable them to act as gene transfection agents. 
Throughout this thesis, spatiotemporal control of cytotoxic drug release has been 
achieved, enabling inducing drug release, modifying nanoparticle targeting to tumors 
and controlling the release of therapeutic agents from cell vehicles, all of it through the 












Anexo I. Técnicas de caracterización empleadas 
Los contenidos de este anexo se han recogido en su mayor parte de descripciones 
presentadas por fabricantes de equipos de las diferentes técnicas, así como de otras 
fuentes online (tales como Malvern, Iesmat, LABTE, Linseis, ThermoFisher, LTI y 
otras) con el objeto de facilitar la comprensión de los datos que se pueden obtener de 
cada una de ellas para lectores no familiarizados con alguna de las mismas.  
Dispersión de luz dinámica (DLS)  
La dispersión de luz dinámica (DLS), a la que a veces se hace referencia como 
dispersión de luz cuasi elástica (QELS), es una técnica no destructiva y bien establecida 
para medir el tamaño y distribución de tamaño de moléculas y partículas típicamente en 
la región submicrométrica, y con la última tecnología, inferiores a 1 nm. 
Las aplicaciones típicas de la dispersión de luz dinámica son la caracterización 
de partículas, emulsiones o moléculas que se han dispersado o disuelto en un líquido. El 
movimiento Browniano de las partículas o moléculas en suspensión hace que la luz 
láser se disperse en diferentes intensidades. Con el análisis de estas fluctuaciones en la 
intensidad se obtiene la velocidad del movimiento Browniano, y por lo tanto, del 
tamaño de partícula mediante la relación de Stokes-Einstein. 
 
Potencial Z 
El potencial Z es una medida de la magnitud de la repulsión o atracción entre las 
partículas. Su medida proporciona una idea detallada de los mecanismos de dispersión y 
es la clave del control de dispersión electrostático. Valores positivos o negativos del 
potencial Z de una suspensión de nanopartículas proporcionan una idea del valor de la 
carga superficial de dichas nanopartículas en el medio en que se encuentran dispersas. 
El potencial Z es un parámetro extremadamente importante en una gran variedad 
de actividades industriales como las bebidas, cerámica, farmacéutica, medicina, 
procesado mineral o tratamiento de aguas. Muchas industrias usan grandes cantidades 
de agua, que pueden ser contaminadas durante el proceso de producción. El potencial Z 
puede ser usado para optimizar el uso de floculantes excesivamente caros y la velocidad 






Porosimetría de adsorción de nitrógeno 
La adsorción física o fisisorción de gases es una técnica de análisis de propiedades 
texturales (superficie específica, volumen y tamaño de poros) basada en la interacción 
que tiene lugar entre un gas (adsorbato) y el sólido que se quiere caracterizar 
(adsorbente). La porosimetría manométrica está basada en la medida de la presión 
reinante en el equilibrio, registrada a una temperatura determinada (77 K), para el 
sistema adsorbato-adsorbente considerado. Así, los resultados del análisis de fisisorción 
de gases están condicionados por la calidad en la medida de presión. El resultado de 
estos análisis es la „isoterma de adsorción-desorción‟, que consiste en una serie de datos 
que relacionan el volumen de gas (en nuestro caso nitrógeno) retenido por la superficie 
del sólido a caracterizar en función de las condiciones de presión. La interpretación de 
estas isotermas mediante diferentes modelos matemáticos permite obtener valores para 
las propiedades texturales. Las propiedades que caracterizan texturalmente a un sólido 
son varias, aunque las más empleadas suelen ser: 
- Superficie específica. Hace referencia al desarrollo superficial del sólido por 
unidad de masa y suele expresarse como m
2
/g. La medida de esta propiedad se 
lleva a cabo en el rango intermedio de presiones, empleando modelos 
matemáticos como el B.E.T. (Brunauer-Emmett-Teller). 
- Volumen total de poros. Se refiere al volumen ocupado por adsorbato, dentro del 
adsorbente, a una presión determinada (habitualmente cercana a p/p
0
=1). Se trata 
de una medida directa, sin utilización de un modelo matemático, y expresa el 
volumen que ocupan los poros en una unidad másica de sólido. Habitualmente 
se expresa como cm
3
/g. 
- Distribución de tamaños de poro. Consiste en expresar el volumen de poro frente 
al tamaño de poro al que se adscribe. No es una medida directa, sino la 
consecuencia de aplicar modelos matemáticos más o menos complejos. En el 
caso de esta tesis doctoral, se ha empleado el modelo Barret-Joyner-Halenda 
(BJH). Es posiblemente el método más empleado para el cálculo de 
distribuciones de tamaños de poro en el rango de los mesoporos (2-50 nm) con 







Análisis termogravimétrico (TGA) 
La termogravimetría (TG) es una técnica en la que la masa de una muestra es 
monitorizada en función de la temperatura, a medida que se somete a dicha muestra a 
una rampa de calentamiento programada en una atmósfera controlada. Esta técnica 
ofrece la determinación cuantitativa de composiciones de materiales. Se trata de un 
método de análisis común en la industria química y farmacéutica. El análisis 
termogravimétrico (TGA) se realiza en polímeros, alimentos, productos farmacéuticos, 
así como muchos otros materiales. 
 
Espectrofotometría ultravioleta-visible (UV-Vis) 
La espectrofotometría ultravioleta-visible es una espectroscopia de emisión de fotones y 
una espectrofotometría. Utiliza radiación electromagnética (luz) de las regiones visible, 
ultravioleta cercana (UV) e infrarroja cercana (NIR) del espectro electromagnético, es 
decir, una longitud de onda entre 380 nm y 780 nm. La radiación absorbida por las 
moléculas desde esta región del espectro provoca transiciones electrónicas que pueden 
ser cuantificadas. 
La espectroscopia UV-visible se utiliza para identificar algunos grupos 
funcionales de moléculas y de manera general en la determinación cuantitativa de los 
componentes de soluciones de iones de metales de transición y compuestos orgánicos 
altamente conjugados. Se utiliza extensivamente en laboratorios de química y 
bioquímica para determinar pequeñas cantidades de cierta sustancia, como las trazas de 
metales en aleaciones o la concentración de ciertos fármacos. 
 
Espectroscopía y microscopía de fluorescencia 
La espectrometría de fluorescencia (también llamada fluorometría o 
espectrofluorimetría) es un tipo de espectroscopia electromagnética que analiza la 
fluorescencia de una muestra. Se trata de utilizar un haz de luz, por lo general luz 
ultravioleta, que excita los electrones de las moléculas de ciertos compuestos y provoca 
que emitan luz de una menor energía, generalmente luz visible (aunque no 
necesariamente). Los dispositivos que miden la fluorescencia se llaman fluorímetros. 
En la espectroscopia de fluorescencia, primero se excita la muestra mediante la 




estados vibracionales del estado electrónico excitado. Las colisiones con otras 
moléculas causan que la molécula excitada pierda energía vibracional hasta que alcanza 
el estado vibracional más bajo del estado electrónico excitado. La molécula desciende 
luego a uno de los distintos niveles de vibración del estado electrónico basal, emitiendo 
un fotón en el proceso. Como las moléculas pueden caer a cualquiera de los diferentes 
niveles de vibración en el estado basal, los fotones emitidos tendrán diferentes energías 
y, por lo tanto, frecuencias. Así pues, mediante el análisis de las diferentes frecuencias 
de luz emitida por espectrometría de fluorescencia, junto con sus intensidades relativas, 
se puede determinar la estructura de los diferentes niveles de vibración. 
En un experimento típico, se miden las diferentes frecuencias de luz fluorescente 
emitida por una muestra, manteniendo la luz de excitación a una longitud de onda 
constante. A esto se le llama espectro de emisión. Un espectro de excitación se mide 
mediante el registro de una serie de espectros de emisión utilizando luz de diferentes 
longitudes de onda.  
El mismo principio físico de fluorescencia se emplea en la microscopía de 
fluorescencia. El microscopio de fluorescencia es una variación del microscopio de luz 
ultravioleta en el que los objetos son iluminados por rayos de una determinada longitud 
de onda. La imagen observada es el resultado de la radiación electromagnética emitida 
por las moléculas que han absorbido la excitación primaria y reemitido una luz con 
mayor longitud de onda. Para dejar pasar sólo la emisión secundaria deseada, se deben 
colocar filtros apropiados debajo del condensador y encima del objetivo. Se usa para 
detectar sustancias con autofluorescencia o sustancias marcadas con fluorocromos. 
 
Espectroscopía de resonancia magnética nuclear (NMR) 
La espectroscopía de resonancia magnética nuclear (NMR) es una técnica empleada 
principalmente en la elucidación de estructuras moleculares, aunque también se puede 
emplear con fines cuantitativos y en estudios cinéticos y termodinámicos. 
Algunos núcleos atómicos sometidos a un campo magnético externo absorben 
radiación electromagnética en la región de las frecuencias de radio o radiofrecuencias. 
Como la frecuencia exacta de esta absorción depende del entorno de estos núcleos, se 
puede emplear para determinar la estructura de la molécula en donde se encuentran 
estos. Para que se pueda emplear la técnica los núcleos deben tener un momento 















Se prefieren los núcleos de número cuántico de espín nuclear igual a 1/2, ya que 
carecen de un momento cuadrupolar eléctrico que produce un ensanchamiento de las 
señales de RMN. También es mejor que el isótopo sea abundante en la naturaleza, ya 
que la intensidad de la señal dependerá de la concentración de esos núcleos activos. Por 
eso, uno de los más útiles en la elucidación de estructuras es el 
1
H, dando lugar a la 
espectroscopia de resonancia magnética nuclear de protón. También es importante en 
química orgánica el 
13
C, aunque se trata de un núcleo poco abundante y poco sensible. 
La técnica se ha empleado en química orgánica, química inorgánica y 
bioquímica. La misma tecnología también ha terminado por extenderse a otros campos, 
por ejemplo en medicina, en donde se obtienen imágenes por resonancia magnética. 
 
Espectroscopía de infrarrojo con transformada de Fourier (FTIR) 
La espectroscopia de absorción infrarroja con transformada de Fourier (FTIR) es el 
método utilizado para determinar las estructuras de moléculas con características de 
absorción de la radiación infrarroja según su vibración molecular. La región IR va de 
12.800 a 10 cm
-1
 y se puede dividir en IR cercano (NIR) (12.800-4000 cm
-1
), IR medio 
(4.000-400 cm
-1
) e IR lejano o FAR-IR (50-400 cm
-1
). El espectro vibracional de una 
molécula se considera una propiedad física única y por tanto, característica de esta 
molécula. Así, entre otras aplicaciones, el espectro IR se puede usar como “huella 
dactilar” en la identificación de muestras desconocidas mediante la comparación con 
espectros de referencia 
Una de las grandes ventajas de la espectroscopia FTIR es su versatilidad, ya que 
permite estudiar prácticamente cualquier muestra con independencia del estado en que 
se encuentre: líquidos, disoluciones, polímeros, geles, fibras, films, gases o superficies 
son algunos ejemplos. Es posible trabajar tanto en transmisión, como en reflectancia 
total atenuada (ATR). 
 
Difracción de rayos X (XRD) 
La difracción de rayos X es uno de los fenómenos físicos que se producen al 
interaccionar un haz de rayos X, de una determinada longitud de onda, con una 




de rayos X por parte de la materia (se mantiene la longitud de onda de la radiación) y en 
la interferencia constructiva de las ondas que están en fase y que se dispersan en 
determinadas direcciones del espacio. 
El fenómeno de la difracción puede describirse con la Ley de Bragg, que predice 
la dirección en la que se da interferencia constructiva entre haces de rayos X 
dispersados coherentemente por un cristal: nλ=2dsenθ. 
La difracción de rayos en muestra policristalina permite abordar la identificación 
de fases cristalinas (puesto que todas las estructuras cristalinas poseen su difractograma 
característico) tanto en su aspecto cualitativo como cuantitativo. En el caso de 
materiales mesoporosos tipo MCM-41, la XRD a bajo ángulo permite evaluar la 
estructura ordenada de los poros del material. 
 
Microscopía electrónica de barrido (SEM) 
La microscopía electrónica de barrido (SEM) es una técnica de microscopía electrónica 
capaz de producir imágenes de alta resolución de la superficie de una muestra utilizando 
las interacciones electrón-materia. Utiliza un haz de electrones en lugar de un haz de luz 
para formar una imagen. Los microscopios de SEM poseen una gran profundidad de 
campo, que permite enfocar a la vez gran parte de la muestra. También producen 
imágenes de alta resolución, de forma que las características más ínfimas de la muestra 
pueden ser examinadas con gran amplificación. La preparación de las muestras es 
relativamente fácil ya que la mayoría de los microscopios de SEM sólo requieren que 
estas sean conductoras. La muestra generalmente se recubre con una capa de carbono o 
una capa delgada de un metal, como el oro, para darle carácter conductor. 
Posteriormente, se barre la superficie con electrones acelerados que viajan a través del 
cañón. Un detector formado por lentes basadas en electroimanes, mide la cantidad e 
intensidad de los electrones que devuelve la muestra, siendo capaz de mostrar figuras en 
tres dimensiones mediante imagen digital. 
 
Microscopía electrónica de transmisión (TEM) 
El microscopio electrónico de transmisión es un instrumento que aprovecha los 
fenómenos físico-atómicos que se producen cuando un haz de electrones 
suficientemente acelerado colisiona con una muestra delgada convenientemente 




del tipo de átomos que la forman, parte de ellos son dispersados selectivamente, es 
decir, hay una gradación entre los electrones que la atraviesan directamente y los que 
son totalmente desviados. Todos ellos son conducidos y modulados por unas lentes para 
formar una imagen final sobre un dispositivo de carga acoplada que puede tener miles 
de aumentos con una definición inalcanzable para cualquier otro instrumento. La 
información que se obtiene es una imagen con distintas intensidades de gris que se 
corresponden al grado de dispersión de los electrones incidentes. 
La imagen de TEM tal como se ha descrito ofrece información sobre la 
estructura de la muestra, tanto si ésta es amorfa o cristalina. Además, si la muestra es 
cristalina o posee porosidad ordenada, es decir, si hay una estructura de planos 
periódica, puede ocurrir que varias familias de esos planos cumplan la condición de 
Bragg y difracten de forma coherente la onda electrónica incidente. Esto da lugar a un 
diagrama de difracción, que es una imagen de distintos puntos ordenados respecto a un 
punto central (electrones transmitidos no desviados) que nos aportan información sobre 
la orientación y estructura del/los cristales presentes.  
 
Cromatografía por permeación de gel (GPC) 
La cromatografía por permeación de gel (GPC) es una técnica analítica que separa 
macromoléculas disueltas por tamaño con base en su elución desde columnas llenas de 
un gel poroso. Cuando la GPC se usa con dispersión de luz, viscómetro y detectores de 
concentración (lo que se conoce como detección triple), puede medir el peso molecular 
absoluto, el tamaño molecular y la viscosidad intrínseca, y generar información sobre la 
estructura macromolecular, la conformación, la agregación y la ramificación. Mediante 
el uso de GPC para medir el peso molecular y las otras propiedades, los científicos 
pueden caracterizar moléculas como polímeros sintéticos y polímeros naturales como 
los polisacáridos. 
 
Citometría de flujo 
El termino citometría de flujo se define como una tecnología que mide células a su paso 
por un fluido en una serie de detectores, esto es, una suspensión celular se inyecta al 
fluido laminar donde las células pasan una después de la otra a través de un capilar y 
llegan hasta un rayo láser. Cuando este rayo incide en una célula, la luz de excitación 




dispersada hacia delante posee información sobre el tamaño de la célula. La luz 
dispersada hacia los lados provee información sobre la granularidad, tamaño y 
morfología celular. Si la célula va marcada con un fluoróforo o es autofluorescente, la 
luz fluorescente se procesa, a través de los distintos fotomultiplicadores, en el sistema 
procesador de datos y los resultados son analizados por el software del citómetro. 
La ventaja analítica de la citometría de flujo tiene como base la habilidad de 
hacer mediciones cuantitativas y multiparamétricas en un número estadísticamente 
adecuado de células para definir las propiedades de una población celular o de las 
subpoblaciones que la componen. Para llevar a cabo todo esto los equipos necesitan un 
sistema combinado de flujo, óptica y electrónica. El sistema de fluido introduce y 
restringe a las células para su análisis individual, el sistema óptico excita la muestra y 
colecta las señales de luz provenientes de la misma y el sistema electrónico convierte la 
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Esta tesis doctoral se centra en el estudio de nanopartículas de sílice 
mesoporosa (MSNs) en combinación con ultrasonido (US) para su uso en 
biomedicina, y más concretamente, en el contexto de la oncología. Primero, 
se ha llevado a cabo el desarrollo y la evaluación de nanopartículas de sílice 
mesoporosa con liberación de fármacos inducida por US. Posteriormente, 
se plantean dos tipos de aproximaciones para lograr el transporte selectivo 
de estas nanopartículas hacia tumores, bien mediante estrategias físico-
químicas de vectorización o bien empleando como vehículos de las 
nanopartículas células capaces de migrar al tejido tumoral.  
